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ABSTRACT 


The  work  investigated  in  this  URI  project  is  concerned  with  the  active  control  of 
radiated  sound  using  advanced  structural  systems  with  fully  integrated  actuators  and 
sensors  driven  by  realistic  forms  of  disturbances.  The  overall  goal  was  to  demonstrate 
active  control  of  sound  radiated  from  vibrating  structures  with  a  fully  integrated, 
practical  active  material  including  multiple  actuators  and  sensors.  This  ultimately  implies 
addressing  the  requirements  for  realistic  active  structures  with  integrated  actuators  and 
sensors  as  well  as  developing  new  sensing,  control  theory  and  design  approaches  so  that 
the  active  material  systems  can  be  correctly  and  efficiently  implemented. 

This  report  summarizes  three  years  of  research  work  to  achieve  these  goals.  The 
work  was  evenly  split  between  two  main  groups.  The  Materials  Research  Laboratory 
(MRL)  at  Penn  State  University  addressed  the  development  and  construction  of  a  suitable 
actuator  system.  The  Vibration  and  Acoustics  Laboratories  (VAL)  at  Virginia  Tech 
focussed  upon  developing  new  approaches  for  radiation  control,  system  component 
development  and  integration  and  integrated  system  testing  and  demonstration.  The  work 
essentially  followed  a  general  theme  of  continual  component  development,  system 
integration  and  testing  through  various  phases  tightly  coordinated  between  MRL  and 
VAL. 

The  two  core  technologies  of  the  project  were  a  new  air  piezoceramic  actuator 
system  conceived  and  developed  by  MRL  and  a  new  radiation  control  approach  based 
upon  a  continuous  active  skin  conceived  and  developed  by  VAL. 

The  report  describes  work  by  MRL-PSU  on  developing  an  constructing  a  new 
actuator  called  PANEL  based  upon  using  double  amplification  obtained  from  a  system  of 
orthogonal  bimorph  piezoelectric  elements  covered  with  an  acoustic  diaphragm 
configured  in  a  flextensional  type  manner.  The  resultant  PANEL  source  after  many 
iterations  of  analysis,  development,  construction  and  testing  was  found  to  provide 
amplification  ratios  of  around  250: 1  and  generate  diaphragm  vibration  levels  of  the  order 
of  500  microns  (on  resonance)  and  200  microns  (off  resonance)  over  a  frequency  range  of 
0  to  1500Hz.  The  corresponding  sound  pressure  levels  generated  by  the  PANEL  source 
at  Im  ranged  from  80dB  at  200Hz  to  90dB  above  400Hz.  These  performance  levels  were 
considered  high  enough  to  enable  the  PANEL  source  to  be  applied  to  a  number  of 
practical  noise  problems  such  as  interior  noise  in  aircraft  and  cars  as  well  as  electrical 
transformer  noise  and  jet  engine  inlet  noise.  For  applications  below  200Hz,  where  the 
performance  of  the  PANEL  falls  off,  a  new  pseudo-*shear  multi-layer  actuator  utilizing 
folded  multi-layer  piezoelectric  elements  was  developed  and  tested.  The  new  pseudo¬ 
shear  actuator  was  found  to  have  significantly  enhanced  very  low  frequency  performance 
below  200Hz. 

The  report  also  describes  the  new  active  noise  control  approach  based  upon 
implementing  an  active-skin  which  completely  covers  the  structure  conceived  by  VAL- 


VPI.  In  the  VAL  part  of  the  project,  multiple  PANEL  actuators  were  integrated  into  a 
continuous  skin  system  with  independently  controllable  sections.  A  new  structural 
acoustic  sensing  approach  which  enable  the  integration  of  sensors  directly  into  the  skin 
and  yet  allowed  estimation  of  far-field  sound  radiation  was  developed  and  implemented 
in  the  active  skin  system.  New  control  approaches  and  system  optimization  and  design 
approaches  were  developed  and  used  to  efficiently  configure  and  control  the  skin  system. 
New  active-passive  approaches,  which  take  advantage  of  the  system  natural  dynamics  to 
lower  control  authority  requirements  and  increase  robustness,  were  investigated.  Finally 
the  component  technologies  Were  integrated  into  an  active  skin  approach  designed  to 
control  broadband  sound  radiation  from  a  test  panel.  The  active  skin  system  with 
integrated  sensors  was  tested  and  found  to  provide  total  attenuation  of  the  plate  radiated 
sound  power  of  7.3dB  over  a  bandwidth  from  200  to  600Hz.  This  bandwidth 
encompasses  multiple  plate  mode  resonances.  In  order  to  handle  the  very  low  frequency 
region  below  200Hz  a  new  distributed  active  vibration  absorber  was  implemented  and 
tested.  The  work  has  demonstrated  the  high  potential  of  an  active  skin  with  integrated 
piezoelectric  amplifier  elements  and  structural  sensors  for  controlling  structurally 
radiated  sound  with  realistic  loads. 

The  report  is  divided  into  two  main  parts.  The  first  part  summarizes  work  at 
MRL-PSU  on  developing  the  new  actuator  systems.  The  second  part  describes  the  system 
integration  and  testing  performed  at  VAL- VPI.  Throughout  the  report,  reference  is  made 
to  a  set  of  published  papers  which  describe  the  project  work  in  detail.  These  papers  are 
provided  for  convenience  of  the  reader  in  Appendices  at  the  end  of  the  report. 
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. ABSTRACT 

A  new  type  of  pieaoeiecnic  airranscacer  has  been  deveicped  for  acrtve  noise  control  and  other  air  acoostics  anpilcanons. 
The  ransdncer  is  based  on  ifae  composite  panel  stmcnme  of  a  bimorpii-cased  double  amplifier,  that  is,  two  pamllel  bimorpas 
or  btnaorph  arrays  with  a  cmved  coverpiate  as  an  acnve  fees  amachesi  to  the  top  ofdie  bimotphs.  The  tiecno-fflediamcal  and 
electro-acoustic  properdes  of  the  double  amplifier  strucaire  and  die  mansditeer  are  invesa'gated  in  his  paper.  The  dispiaceaient 
of  die  coverpiate  of  die  double  amplifier  scuemre  can  reach  niillhsetsr  scale  wita  a  reiarively  low  drivmg  voltage,  which  is 
sore  Tm  an  dmes  larger  dan  the  dp  aispiacemeat  of  bimorpas.  The  sound  pressure  level  (S?L)  of  the  ransiicer  can  be 
larger  Tar?  90dB  (near  field)  in  die  recaency  range  fimrn  50  za  lOOOKz  and  be  larger  than  80dB  (fir  field)  fiom  ZOOHz  w 
lOOOKz,  with  ±e  larges:  value  more  dan  130dB  (near  field).  Becacse  of  hs  light  weight  and  panel  stmease,  it  has  the 
potendai  za  be  used  in  aedve  aoise  coanoL 

Ke^^ords;  pienoeiecodc  ransduers,  bhnorphs,  double  amplifier  smnemre,  air  acoustics,  aedve  aoise  ccaroi 

1.  TN'T^CnUCT’CV 


The  eiecromechanicai  aansdaers  based  on  pieaoeiecmio  mamriais  have  been  'widely  used  fir  many  decades.  However, 
most  of  diese  aansdness  are  used  in  the  areas  of  uinascsics  amd  miderivaier  acousdes.'  It  is  sell  diSmit  m  apply 
pienceiecris  mamriais  or  de'hces  in  air  acousdes,  espeeiaily  zt  low  reqsemr/  mage.  On  ±e  other  band,  because  of  iheir 
'unique  preperdes.  ruch  as  high  eiecromechanicai  coupling  tSciens:-',  me  abuir/  of  bo±  sensing  and  ransmitdng,  low  loss, 
lish:  'veish:  and  oanei  scuenre.  z  is  biahly  desimbie  to  use  r:enc«:ecmic  mnsducers  at  low  fiecueno*/  mnge  and  aedve  noise 


“cere  are  rvo  main  problems  3  be  solved  to  apply  piezceiecric  rmsenoem  in  air  acousdes  and  aedve  noise  control  One 
is  Tar  ±e  dispiaoemen:  m'us:  be  n'ach  larger  mm  dial  of  me  oemmen  oermnio  acmaton  because  me  raduued  acousdc  energy 
'is  rreperdenai  zs  me  sc'uare  of  me  displacement  ampiimde.'’  .Another  one  is  diat  the  acousdc  impecance  shouid  be  marraTa 
m  atr  to  ensure  an  enecd'/e  accusdc  fiow  roo  the  mnsducer  to  me  medhnm. 


.Amcng  ail  me  pienMiecric  acmaiom.  bimorph  type  aemmers  generme  me  larges:  dispiacmiesi  (dp  ctsplacement).'* 
However,  me  displacement  is  sdil  act  large  enough  m  be  tisec  'In  air  acousdes  at  low  fiequeccy  range.  In  this  paper,  a  new 
rme  of  pienoeieerte  ranscucer  based  on  he  idea  of  bimorph-basesi  double  amplifier  siruemre  is  presemed.  The  displacement 
u-  I  -  'jy  die  double  ampiif  s  snuenre  can  be  snore  thmi  tem  dmes  larger  dian  the  dp  dispiacemea:  of  bimorphs.  The 
acousdc  impedance  'narerAiq  berveea  ne  ransducer  and  air  can  be  abmined  by  caremily  choosing  ±e  cover  plate  (aedve  ace) 
materiais  and  is  geomeric  coangcadcas.  .As  a  result  of  ±ese  orv  designs,  me  transducer  'is  promising  3  be  used  in  aedve 
noise  conmoi  as  a  sound  transminer. 

The  basic  configuradon  of  he  bimorpa-based  double  amplifier  stmemre  is  shown  in  Fig,  I.  The  scacane  mainly  consism 
cf  rwo  parallel  bimorphs  with  a  csved  (trlangie  shape)  cover  plane  as  an  acnve  fice  amched  3  the  3p  of  die  bimorphs. 
Higher  displacement  is  achieved  by  charging  the  tip  displacement  or  bimerphs  to  a  Sexuni  modon  of  ie  cover  plate.  That 
is,  'When  me  bimorphs  vfonie  hcdmnally,  the  cover  plate  vibrates  verdcaily  with  larger  amplitude.  Fig.  1(b)  is  the 
sohemans  of  me  displacement  of  he  cover  plate  and  bimorph  acmaicrs.  From  the  geomenic  consideradon,  the  verdcal 
displacement  of  me  .•niddle  point  an 'he  coverpiate  can  be  described  as; 
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Therrfore, 


C3) 


and. 


(4) 


This  is  why  the  displaceaesr  of  ths  cover  plate  is  much  larger  ±an  me  tip  dispiacemeat  of  bnaorpas. 

Shown  in  Fig.  2  is  the  transdccer  constructed  Stem  the  bimorph-cased  double  ampiiner  saacare.  of  two 

bimerphs,  two  parallel  bimorph  acays  are  used  here  and  the  cover  piate  is  feed  on  the  arp  ofihe  bimoiph  arrays  so  that 
larger  radtanon  area  is  obtained.  Londspeaker  paper  is  chosen  as  the  cover  plate  because  of  is  meeharn'rat 

acousric  properties  and  light  weight.  The  other  two  lateral  faces  were  also  seaiei  by  loudspeak^papes  so  that  the  rraiidfiTf^- 
can  work  effeesveiy  as  a  monopoie  source.’ 


T.  AND  <rr.-^e?.fTrvrr TTCT-^nTJT- 

Bimerph  aentarnrs  can  be  opemte:  in  series  (the  poling  direenocs  of  the  two  piezoelecsic  plats  are  opposite)  or  in  parallel 
(me  poling  diressons  of  the  wo  piemeiecric  piais  are  consistent)  csnmgnrahons.  All  the  btmorpas  used  in  this  paper  are  in 
parailei  strucare.  They  are  made  ncm  a  kind  of  PZ7  5H  type  piasseieerte  maierial*  and  the  dimensions  are  ZO.Omm  X  7.0 
X  1. 0mm-  The  loudspeaker  caper  is  sem  Nu-Way  Company  wtm  me  thickness  of  OJomm.’  lie  experimeats  were 
cocducced  both  on  the  double  amplif er  smicnzrs  and  the  canscncer.  ror-  the  double  ampiiner  sancare  eeeperiment,  the 
bhnorpfas  are  mechanicaily  clamped  at  one  end,  and  the  cover  place  is  feted  on  the  top  of  bimoiphs  by  super  glue.  The 
drsplacemest  of  middle  point  and  dp  point  are  measured  by  using  MTI 2C00  r  atonic  Sensor*  under  qoi.’nsaric  and  dynamic 
cendirions.  Fig.  3  is  the  schematic  cawing  of  the  measuremeac  semp.  The  resonant  freqaeacy  of  the  sanemre  was  detemined 
by  an  KP-4-194  Impedance  Aaahmr.  For  the  transdacer  study,  the  bimerph  arrays  wee  feed  la  the  slots  on  die  plasnc 
subsnare  by  super  ^ue.  The  displacement  at  the  central  poinc  (poisx  A  m  Fig.  2)  of  the  cover  plats  and  at  the  imeiseeaan 
point  of  the  central  line  and  edge  cf  he  cave  plate  (pains  3  in  Fig.  2)  was  measured.  The  sound  pressure  level  of  the 
cmnsducer  was  also  studied  in  an  anecbcic  chambe  by  using  3  <3zK  4135  r/pe  condense  microphone.*  In  measurement,  the 
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trsnsducsr  is  baffled  in  a  large  rigid  plane  and  the  measurement  points  are  on  the  axis  which  goes  through  the  central  point 
and  perpendioiiar  to  the  substrate  as  shown  in  Fig.,  4.  The  distances  berween  the  measurement  points  and  the  central  point 
are  5.0inm  and  I.Om  respectiveiy.  The  fonner  situation  is  called  near  field  and  the  laner  is  far  fieid.'* 


Hg.  3.  Schemaac  Drawing  of  the  Displacement  Measmetaeai  Setup 


Fig.  4.  Scheaaiic  Drawing  of  Sound  Pressue  Level  Measurement  Setup 


4.RE5ULTS  AhTD  DTSCU550TVS 

4.  t .  Dfspfaeemgnt  and  resonant  teguenev  of  the  doubie  mrciTffer  mmcmres 

The  dependence  of  die  middle  point  dispiacement  and  asrpilEcadcn  &cssr  on  the  height  of  the  cays'  plate  was  evaluated 
under  qaisisaac  candinon  (driviag  dequency  >  IHz)  for  the  ^uble  ampiiner  scucsnes  with  L  *  50.0mm  and  60.0mm  (see 
Fig.  I)  respecsveiy,  and  the  results  were  presented  in  Fig.  5.  As  die  height  of  cavs  plate  g  deceases,  the  middle  point 
displacement  increases  fust,  and  dien  deceases.  The  largest  displacement  'was  obtained  when  the  distance  between  bimoiphs 
was  50min  and  the  height  of  covs  plate  was  l.Omm.  The  Largest  displacement  can  reach  450pni  (0.450mm)  with  a  drtv^g 
voltage  of  lOOV  (jpeak-peak  value).  Fig  5  also  reveals  that  die  anxnliScntion  Saasr  always  inceases  as  height  of  the 
cover  plate  is  redue^  The  ampilfcanondcor  can  reach  more  than  ten  easily.  When  the  driving  voltage  is  lOOV  (peak-peak 
value),  the  tip  displacement  of  the  bimoipiis  without  loading  Is  37.63uin,  which  is  called  dee  dp  displacement:”  Wene«  the 
middle  point  dispiacement  can  be  more  than  ten  times  larger  than  the  dee  dp  displacement  of  the  bimaiphs.  Fig  6  shows  the 
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(iisplacssacst  of  ±e  middle  point  js  a  Sacdon  of  the  driving  voltage.  The  displacement  of  the  middle  point  incmases  almost 
lineariy  with  the  driving  voltage.  It  is  expected  that  the  displacement  of  the  middle  point  can  reach  about  1  Jmm  when  the 
(iriving  voltage  is  raised  to  300V  (peak-peak  value)  or  I IQV  (rms  value). 


r:g-  5.  Displacement  and  .ijnpiiiicatian  Facmr  of  cie  Dcnhie  .^mtpiiner  Strucame  (felHi.  Vp.p=lOOV) 


Hcaarioss  (1)  to  (4)  show  that  me  middle  point  dispiacemem:  should  always  increase  as  the  caver  piaie  height  is  reduced, 
so  does  the  astpiiscaiion  memr.  Howevc,  when  the  height  of  he  cover  plate  decreases,  the  eStedve  loading  of  the  cover  piaie 
wul  increase;  and  a  larger  ictee  is  needed  to  push  the  cover  piaie;  The  reiarionship  benveea  he  generated  hree  and  dp 


of  ohnorph  can  be  descried  as:'" 


F- 


Y,l^w  3d,,h=£ 

4h'  21 


-A) 


(5) 


where  Ye  is  Young's  modules  of  ceramic  material; 

ds:  is  piezoelectric  canssnt  of  ceramic  material; 
w  is  widh  of  bimorph; 

E  is  applied  eleczic  deid. 


■When  'a  larger  mrce  is  needed,  he  dp  displacement  of  bimorph  win 'reduce.  Therefore,  when  the  beiaht  of  cover  plate 
decreusas,  here  are  two  campedng  memra  which  influence  the  middie  poini  displacement  of  the  cove*  piark  One  is  that  the 
middle  ports  dispiacement  will  incense  aceoremg  to  the  geomendc  reiarionship,  so  does  the  ampilncnnon  &csr.  Another  one 
is  that  the  dp  displacement  of  bimoiph  will  decrease,  which  will  reduce  the  middle  point  dispiacemenL  Therefore,  there  is  aa 
n^-nTTTTTTTt  poist  where  the  nuximum  value  of  the  middle  point  dispiacement  is  obtained.  However,  the  ampilflcanon  &cor 
will  always  increase  when  the  cover  piaie  height  deceases  as  long  as  me  geomeadc  ralanonship  is  valid.  The  similar 
STTTTorion  win  happen  when  the  disnmee  beween  the  bimorphs  is  changed. 
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_ _ tn^!  aeaaged  vaiae.  UfOimn  --«'- M«id’e  point.  caicaiacKl  vaiut 

«u=.i^junini  ~  «-  -  Tip  point,  measured  value.  I^=fifVrm 
Hg.  7.  Displaoffisat  of  ths  Double  Anmiifier  ScruKare  (f«i  Hz.  Vp.p»lOOV) 
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Besides  these  two  fec»n,  Aers  is  an  addfrional  feerr  should  be  considered  is  the  budding  of  die  cover  plate.  If  the 
buckling  of  ±e  cover  piate  nappens,  the  geomenic  rshnonshxp  (equation  (I))  will  not  be  bold,  and  the  middle  point 
displacsinent  of  cover  piam  'vfll  become  smaller. 

The  C3  displacement  of  binoipns,  the  measured  displacement  of  the  middle  point,  and  the  ealeaiared  displacement  of  d:e 
middle  point  according  to  equation  (I)  are  presented  in  Fig.  7.  The  tip  displacement  desnasss  rapidly  wfaen  g  is  below 
l.Qtnm  for  L  “  50.0mm  and  IJmn  for  L  =*  dO.Omm,  which  results  in  a  decrease  in  the  middle  point  displacement.  When  g 
is  larger  1.0mm  for  L  »  50mm  and  Umm  for  L  =•  dOrrmi,  there  is  no  buckling  of  the  cover  plate  since  the  caicnianid 
middle  point  dispiacemenr  is  aeariy  the  same  as  the  measured  value.  Below  these  values  buckling  of  the  coverplatt  occurs. 

The  (irpnduncs  of  the  resonant  fiequac*/  on  the  bright  oflf  the  cover  piaa  is  shown  in  Fig  8  fir  L  •  S0.0mm  and 
iOj  i>wrm  r  or  this  mr^imer  sttccsre,  the  cover  piate  can  be  considered  as  an  effecave  mass  loading  atached  on  the  top  of  the 
hmmrph  besuis,  wjud  teduces  die  tesonant  fie^ency  ofthe  bimorph  beams. As  the  height  of  the  cover  plas  desea^  and 
tjie  rffgrmeg  benveen  bimorphs  incrases,  die  ^eedve  loarrfng  of  die  cover  piate  inasases,  resnhing  in  a  decease  of  the 
resonanr  fiequescy.  This  is  censisaat  with  the  expertmeuiai  resales. 


r  ;C0  P- 


Height  of  dzs  Cover  Flats  (mm) 
r.g.  3.  Resonant  Freqaemr^  of  ±e  Double  AmpImcrSttucmre 

The  reiarienship  between  the  cspiacemea:  and  &eqpsscy  is  shown  in  Fig  9  fer  L  •  50.0nna.  g  *  l.Onan-  From  the 
[cumarison  ofthe  do  disnlacemss:  of  bimorphs.  die  calculated  dispiacesaesi  of  middle  point,  and  the  measured  displacement 
‘middle  point,  it  can  be  concluded  dai  the  caver  plate  can  keep  its  shape  mom  buckling  durmg  vifaradon  in  the  fiequency 
age  up  to  about  two  tines  ofthe  msonantsequeacy,  that  is,  the  samsdneer  can  work  eSeedvety  in  the  Sequent  range  up  to 
e  two  tunes  of  the  resonant  hesascy. 

7-  Dlrplaeerrtgrr  and  sound  OTessme  ’eve!  ofthe  double  arrrmlrngrrrgTsducer 

Ssaed  on  the  experimental  rtsuhs  and  analyses  of  the  double  antpiicer  stmemres,  the  bimornfa-based  double  amplifier 
jiteCacer  was  constructed.  Tie  dimensions  ofthe  transducer  are: 
the  distance  between  the  bimorphs  L  »  S0.0mm; 
the  height  of  the  cover  piate  g  *  3  Jmnu 
the  wichh  of  the  bimorph  arrays  W  =  d0.0nim; 
the  height  ofbimorphs  h  =  18.0mm. 

herefore;  mansducer  can  be  sxpecad  a  work  effeedveiy  cp  to  1000  Hz,  which  is  die  fiequaity  range  desirable  fijr  the 
xrve  noise  cenroL 
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;vucc*e  pcmu  tneasured  vaiiis 
--4  --  ix? point seasurad  valce 

H§:  9.  D«p«d«c5  zfii  Dupiacsaen:  cn  -= 


•  Middle  point 
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Th«  dspsndKiM  of  dirpiaojsrat  of  *e  point  A  and  point  3  of  die  oDver  piatt  (ses  Fig.  2)  on  fiesrusacy  is  shown  in 
Fis.  10.  Due  to  damping  eifen  of  therwolamral  feces  which  amaade  of  loudspeaker  paper  and  are  inacnve,  and  due  as  the 
loidisg  effect  of  the  air  in  ±s  dosed  chamber  of  the  transducer,  die  (jispiaceseat  of  point  A  is  some  smaller  than  that  of  the 
middle  point  displacement  of  he  double  amplifier  stracnre  w-ith  the  same  L  and  g  values,  and  the  displacement  of  point  B  is 
smaller  than  that  of  point  A,  but  the  displacement  of  the  cover  plate  is  shll  much  larger  than  the  rip  displacement  cf 
bimorrhs.  The  height  of  the  peak  la  the  resonant  feecuencv*  also  becomes  weaker  and  smooth  due  to  these  clamping  and 
loading  emecm . 

The  fmquency  dependence  of±e  sound  pressure  level  CS?L)  was  presented  in  Fig.  1 1.  Tie  SPL  of  the  near  field  can  be 
larger  rimn  90d3  in  the  fiesaemv  range  mom  50  to  IQOOKz.  and  the  largest  value  can  reach  more  than  I30dB.  For  the  fir 
field,  the  SPL  can  reach  more  can  MdB  when  the  freqaency  is  higher  diaa  200Hz,  which  is  saitahle  for  active  noise  comroL 
X  SPL  value  can  be  easily  ohained  by  increasing  the  width  of  the  bimorph  arrays.  Another  approach  to  get  larger  SPL 
valug  is  3  consaug  the  gansdneg  wife  multi-double  aopufier  smaezare;  as  shown  in  Fig.  12. 

5  rnx-CLUSTOMS 

Bhncrph>based  double  ampiificsn&cmre  and  the  manscncer  based  on  this  scocnse  have  been  eonsmicmd  and  studied  in 
this  caper.  It  was  demonscamd  hat  with  reianveiy  low  vcitage,  ie  displacement  of  die  active  fice  can  reach  millimeter  scale; 
which  is  more  riian  tea  rimes  largr  han  fee  rip  dispiaeemem:  of  bhaorphs.  The  sotmd  pressnre  level  of  the  piezoeiecric 
nmasdncer  can  be  larger  riian  ?€d3  (near  field)  berween  50  zs  ICOOKz  and  SOdB  (fir  field)  bcwees  200  to  lOOOHz.  And  the 
largesz  value  can  reach  IjOdB  (neff  field).  Because  of  is  light  weight  and  panel  sancnne,  it  is  potential  to  use  this  new 
pienoeiecmic  air  ccrscucer  in  acrre  toise  comroL 

As  the  first  result  of  fie  bimcreh-cased  double  amplifier  rsnsducer,  fisher  mprovements  in  mmsdncer  pehcxmanee  are 
using  imcroved  maishis  md  design.  Instead  cf  bimcrph,  some  other  cemnric  acmaion  such  as  unimorph  or 
Ecccmsrph  sen  also  be  used  is  he  scuble  ampiifie.-  smuenme  and  ransducer  design. 
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Abstract 

A  ne'-v  type  of  bimorph-based  piezoelectric  air  transducer  with  the  working  frequency  range  of  200-iCOO  Hz  has  recently  been  developed 
[B.  Xu.  Q.  Zhang,  V.D.  Kugel.  L.E.  Cross.  Piezoelectric  air  transducer  for  active  noise  control.  Proc.  SPE.  2717  ( 1996)  388-398].  In  the 
present  -.vork.  basic  acoustic  charactenstics  of  this  device  and  its  piezoelectric  elements  are  analyzed.  To  modei  die  vibration  spectrum  of  the 
transducer,  a  one-dimensional  approach  is  developed  where  inertix  elastic  and  damping  forces  are  inciudea.  .Analytical  equations  describing 
mechanical  vibrations  and  electncai  impedance  of  piezoelectric  bimorph  cantilevers  under  external  forces  are  derived.  In  order  to  describe 
vanous  losses  in  the  transducer,  complex  piezoelectric,  dielecaric.  and  elastic  constants  are  used.  Resuits  of '.he  modeling  are  in  good  accord 
with  exper.mentai  data.  The  suggested  model  can  be  used  for  device  optimization.  ■©  1998  Elsevier  Science  S.A.  .All  rights  reserved. 

Ke'-vorcs:  Piezoelectricity:  Piezoeiesmc  tmnsducers;  Bimorph:  .Air  acoustics 


1.  Introduction 

Piezceiectric  ceramics  offer  many  advantages  as  sensors 
and  acraators.  Relatively  high  coefncient  of  electromechan- 
icai  coupiing  makes  it  possible  :o  use  the  material  in  ultra¬ 
sonic  devices  and  tweeters.  However,  in  low  frequency 
appiications  such  as  air  acoustics,  a  larger  displace.ment  is 
often  required,  which  is  far  beyond  the  range  reachable  by 
ceramics  .materials.  In  order  to  overcome  this  problem,  a  new 
type  of  bimorph-based  piezoeiecuic  transducer  has  recently 
been  suggested  [  I  ] .  The  main  peculiarity  of  this  device  is 
that  ahrcugh  a  double  amplincation  scheme  a  large  displace¬ 
ment  can  be  generated  which  makes  it  suitable  for  acoustic 
appiications  at  low  frequency  such  as  from  200  to  1000  Hz. 
It  has  been  demonstrated  that  the  device  can  produce  a  sound 
pressure  level  of  90-100  dB  which  makes  this  device  very 
anractive  for  active  noise  control  and  a  flat  panel  acoustic 
source  [  1  ] . 

The  purpose  of  this  study  was  to  develop  a  model  capable 
of  characterizing  the  vibration  behavior  and  structure-per¬ 
formance  relationship  of  this  transducer.  The  paper  is  struc¬ 
tured  as  follows.  In  Section  2.  an  approach  that  will  be  used 
to  describe  this  bimorph-based  piezoelectric  air  transducer 
is  discussed.  In  Section  3.  analytical  equations,  describing 
mechanical  vibrations  and  the  electrical  impedance  of  piezo- 


■  C jiTts rending  imhor.  Present  address:  Intel  Israel  (74)..Vtail  Stop  ICC- 
3C.  ?.0.  3o.x  1659.  Haifa  3 10 15.  Israel. 


electric  bimorph  cantileve.'s.  are  derived.  In  Section  ~.  cal- 
ouiation  of  various  forces  acting  in  the  transducer  is  carried 
out.  Results  of  the  device  .mcceiing  and  comparison  with 
e.xperimental  data  are  presented  in  Section  5.  Finally,  in 
Section  6  a  summary  and  conclusions  are  given. 


2.  .Model 

The  piezoelectric  transducer  to  be  analyzed  consists  of 
two  arrays  of  piezoelectric  bimerph  cantilevers  bridged  by  a 
curved  diaphragm  ( Fig.  1 1 :  inactive  lateral  faces  are  covered 
with  non-radiating  plates.  The  diaphragm  serves  for  acoustic 
matching;  it  amplifies  the  tip  dispiacement  of  the  cantilevers 
and  it  increases  the  sound-emitting  area.  The  amplification 
factor  is  defined  as  the  .mtio  of  the  displace.ment  of  the 
diaphragm  apex  pp  to  the  dp  displacement  of  the  bimorph 
cantuever  p(  /) ,  where  I  is  die  cantilever  length  ( Fig.  I ) .  A 
typ'ical  amplification  factor  lies  in  the  range  of  5  to  20.  In  a 
current  design,  the  bimorphs  are  made  from  soft  piezoelectric 
ceramics  PCTSH  ( Morgan  .Matroc)  and  a  loudspeaker  paper 
is  used  as  a  triangular-shaped  diaphragm.  E.xperimental 
results  demonstrated  thau  if  the  amplification  factor  is  less 
than  10  and  the  length  of  the  diaphragm  is  less  than  50  mm. 
the  diaphragm  can  be  considered  as  a  rigid  plate  without 
buckling  at  frequencies  below  800-1000  Hz.  Therefore,  for 
caiculating  vibrations  of  the  diaphragm  the  quandties  to  be 
evaluated  are:  the  displacement  of  the  moving  end  of  the 
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Fig.  I.  Schematic  view  ot  bimorph-based  piezoelectric  air  transducer  with 
double  amplirication. 


cantilevers  and  die  amplification  factor.  It  is  clear  that  the 
interaction  between  the  diaphragm  and  piezoelectric  elements 
is  through  the  forces  acting  in  hinges  for  the  diaphragm 
fastening  t  Fig.  I ) .  We  will  assume  that  the  transducer  is 
constructed  in  such  a  way  that  in  the  working  range  of  fre¬ 
quencies  the  load  produced  by  the  diaphragm  acts  evenly 
along  piezoelecric  driving  elements  of  both  arrays,  i.e..  force 
variation  through  piezoeiectric  arrays  is  neglected.  We  also 
will  assume  diat  both  arrays  are  equivalent.  Under  these  con¬ 
ditions.  vibrations  of  the  transducer  can  be  analyzed  from  a 
one-dimensional  model.  .Moreover,  because  of  the  symmetry, 
it  is  enough  to  consider  a  single  piezoelectric  element  with 
the  corresponding  part  of  the  diaphragm  ( Fig.  2). 

In  general,  a  vibrating  diaphragm  generates  several  types 
of  mechanical  forces  acting  on  the  bimorph:  an  inenia  force 


Fig.  2.  Diagram  of -..-.e  forces  included  in  one-dimensional  model.  P denotes 
the  vector  of  spontaneous  polarization  in  the  piezoelectric  bimorph 
cantilever. 


Fin  that  is  created  by  the  motion  of  the  mass  of  the  diaphragm, 
elastic  forces  F^,  that  are  caused  by  stiffness  of  the  air  enclosed 
in  the  cabinet  and  the  stiffness  of  hinges.  The  last  force  is  the 
air  damping  force.  Fj„„  caused  by  the  acoustic  radiadon.  The 
force  diagram  is  shown  in  Fig.  2  where  R,  and  Ri  are  the 
reacdon  forces  and  Fp^^  is  the  force  generated  by  the  bimorph 
candlever.  which  drives  the  diaphragm.  Introducing  Fp^^ 
makes  it  possible  to  separately  analyze  vibradons  of  the 
bimorph  candlever  and  the  modon  of  the  diaphragm.  In  the 
model,  it  is  assumed  that  the  hinges  for  the  diaphragm  fas¬ 
tening  generate  an  elasdc  force  only. 


3.  .4nalysis  of  piezoelectric  bimorph  cantilever 


To  define  bending  vibradons  of  the  piezoelectric  bimorph 
candlever.  the  equadons  describing  vibradons  of  the  neutral 
surface  77  of  the  vibrating  beam  are  used  [2].  In  the  case  of 
the  piezoelectric  beam,  the  neutral  sunace  is  defined  in  such 
a  way  that  any  e.xtension  strain,  even  if  allowed  to  e.xist  there, 
does  not  contribute  a  bending  moment  [  2  ] .  For  uniform  sym¬ 
metric  bimorphs  i  in  which  the  thicknesses  of  two  piezoelec¬ 
tric  plates  are  equal),  the  neutral  surr'ace  coincides  with  the 
plane  of  symmetry,  which  is  perpendicular  to  the  Z  a.xis  ( Fig. 
•2).  The  equations  for  bending  of  uniform  symmetric  piezo¬ 
electric  bimorph  beams  with  rectangular  cross-section  can  be 
wrinen  as  i  Fis.  2) 


-*--T 

5-  “  -  :  — r .  .Mec.-.5.-ucil  stnin  of  the  neutru  iescribinz  bendins  12], 

iy 
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n 

- 

C.3— .  -rl  <Z^0. 

h 

(I) 

where  5;  is  the  mechanical  strain  along  the  Y  xxis.  sf-  is  the 
mechanical  compliance.  F  is  the  mec.ianical  stress,  is  the 
piezoeiectric  coefficient.  £  is  the  eiectric  field  across  the  sam¬ 
ple.  U  is  the  applied  voltage,  and  I'l  is  the  bimorph  thickness. 
.•\  coordinate  systemXJZis  chosen  such  that  this  plane  passes 
through  :  —  0  and  the  bimorph  cantilever  is  clamped  at  y  =  0 
( Fig.  2) .  The  translation  force  f,  that  causes  the  displacement 
of  the  neutral  plane  in  the  Z  direcdon  i  Fig.  2)  is  [2] 


. 

— av 
ay 


(2) 


where  is  the  internal  shear  force  along  the  Z  x\is  [2] ; 


(3) 


where  .Vf  is  the  internal  bending  moment  along  the  X  xxis: 
.W=  -  1 1  zr:d.rdz  (4) 

crO!k»>v«cnon 
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By  using  Eqs.  (2)  and  (3)  the  law  of  linear  momentum 
conservation,  i.e..  ^  j 

d~r] 

F,=p(2hw)dyj^  (5) 

where  p  is  the  density  of  the  bimorph.  w  is  the  width  of  the 
bimorph  beam,  and  2hw  is  the  area  of  the  cross-secdon  of  the 
bimorph.  can  be  written  as 

a-.Vf  d-Ti 

-T7-r=p(2Aw)—  (6) 

ay~  at 

Subsdtudon  of  from  set  ( I)  into  Eq.  (4)  yields 

Zvv/z'’  a'-n  Uwkd-i-i  _ 


Thus,  one  can  see  that  in  the  case  of  the  symmetrical  bimorph 
beam  the  e.xtemal  electric  tension  generates  a  pure  bending 
moment  only.  Substitudng  this  expression  into  Eq.  (6)  gives 

d'^rj  3os^-  o*p 
3v  ii-  or 

To  find  a  solution  of  Eq.  (8)  the  following  boundary  condi¬ 
tions  should  be  used  [3] : 

V=!0  77  =  0;  —  =  0 

ay 

2'-vh-  a'v  Uwhdin  ^  7o\ 

^.v  =  ;  - =  0  f9) 

(j  Tj 
(fy 


,  X  (cosh(Ari  +cos(A;]  )  -  ^  (sinhfAi]  +sin[A;i ) 

1  .  A*a  i  A  wrr 

2  1 +cosh(AiJcos(Ail 

X  (joshfAyl  -cos(Ayl) 

I  I  -sinh[Ail  +sm(A/l)  -  |  (cosh [A/]  +cos(,U]) 

I  2  A'/r  2  A  wn-* 


1  -i-cosnl.UlcostAil 


X  (smh(Ay)  -sin(Ay]) 


The  resonant  frequency  which  is  determined  from  zero 
value  of  the  denominator  in  Eq.  (12),  coincides  with  the 
resonant  frequency  of  a  free  piezoelectric  candlever 

cosh[A/]cos[A/]=-l  (13) 

In  the  low-frequency  limit  (A/-* 0)  Eq.  ( 12)  may  be  rewrit- 


y\'  4^"f2'/-6/r) 


(14) 

In  most  pracricai  cases  the  external  force  F„  acdng  at  the 
vibradng  end  of  the  piezoelecric  cantilever  (y  =  /)  is  a  com- 
binadon  of  linear  damping,  ine.ma.  and  elastic  forces.  For 
harmonic  driving  voltage  applied  to  the  cantilever 

these  forces  can  be  expressed  by 

Fr.^^.KvJl)  (15) 

where  AT  is  a  complex  coefficient.  .As  will  be  shown  later,  this 
coefficient  is  directly  related  to  the  mass  (inerda  forces), 
spnng  constant  (elastic  forces),  and  damping  coefficient 
( damping  forces)  associated  •.vim  the  applied  external  force. 
Substitution  of  the  force  amplitude  from  Eq.  ( 15)  into  Eq. 
i  12i  oroduces  at  V  =  ( 


where  .Vf„  is  the  .r  component  of  the  external  angular  momen¬ 
tum  applied  aty  =  /  and  is  the  r  component  of  the  e.xtemal 
force  acting  at  the  vibrating  end  of  the  candlever.  In  our 
derivations,  the  effect  of  forces  acdng  along  Y  and  X  axes 
was  negiected.  Before  proceeding  further  with  calculadons 
of  force  F^^  for  the  transducer  under  consideradon.  a  general 
expression  for  vibrations  of  the  piezoelectric  bimorph  canti¬ 
lever  under  the  applied  voltage  and  external  forces  will  be 
derived.  If  the  harmonic  electric  voltage  U—U„e^'^  and 
external  forces  F,^  =  FJJe  applied  to  the  cantilever  are  lin¬ 
ear  functions  of  the  displacement,  the  displacement  of  the 
cantilever  can  be  written  as  77= where  w  is  the  angular 
frequency.  Tnerefore.  Eq.  (8)  can  be  written  as 

-Hr-A-p^=o  (10) 
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•v'f  1  -cosh(A/lcos(A/l)  -  ~  ;osh(yUIsin(A/I  -sinh(A/lcos(  A/j ) 


By  using  Eqs.  ( 12),  ( 15)  and  ;  16).  a  general  e.xpression  for 
Pn,  is  ’A^ritten  as 


AVcoshfA/]  ■‘•cost A/])  -  -  -^(sinhf.W]  -sin(A/]) 

_ .  .fc/r 

a'?  [  — cojih[A/lcos[A/l)  —  -  -=^(casn(A/]sin(^Ul  -sinh(.\/lcos{A/]) 


where 


X  ( cosn( Ayl  -cos[A.vl )  -?• 


A  —  , 


The  solution  of  Eq.  ( 10)  with  boundary  conditions  given  by 
Eq.  f  9 ;  is 


A^f  -sinhfA/]  +sin(A/l)  -  -  ^^(cosh/r[.W]  — cos[A/I) 
_  Z 

A-f  1  -rcosh(A/]cos(A/])  -  ~  -^  cosilf-UlsinEA/]  -sinh(Ailcos[A/l) 
•  wh" 


X 1 5inh(Ayl  -sinEAyj) 
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Eq.  ( 17)  reveals  that  the  external  force  of  the  type  (Eq.  ( 15)) 
changes  the  resonant  characteristics  of  the  vibrating  cantile¬ 
ver.  If  the  piezoelectric  material  has  no  losses  and  the  external 
force  does  not  tend  to  damp  vibrations  of  the  bimorph  can- 
dlever,  i.e..  K  is  real,  the  resonant  frequencies  may  be  cal¬ 
culated  from  the  following  equation 

3  s?  K 

A^(  1  -r  cosh  [A/]  cos  [A/])  -  --^(  cosh  [Ai]  sin  [A/] 

2  whr 

-sinh[/\i]cos[A/l)  =0  (18) 

Apparently,  the  amplitude  of  the  tip  displacement  is  equal  to 
zero  when  sin  (A/)  =0  and  the  value  of  the  corresponding 
frequency  does  not  depend  on  external  loading.  It  can  also  be 
shown  that  the  lowest  frequency  of  the  zero  vibrations  is  about 
2.8  times  higher  than  the  fundamental  frequency  of  bending 
vibrations  of  unloaded  cantilever  [4].  In  the  low-frequency 
limit.  Eq.  ( 16)  may  be  written  as 

3  l- 

=  - (19) 


wh^ 


where  ATCOl  is  the  low-frequency  value  of  the  force  coeffi¬ 
cient  (Eq.  ( 15) ). 

To  calculate  the  electrical  impedance  of  the  piezoelectric 
bimorph  cantilever  we  will  stan  with  the  piezoelectric  con¬ 


stitutive  equations: 
I  D3  = 


•h<z£h 


where  D,  is  the  component  of  electric  displacement  along  the 
Z  a.xis.  L'sing  the  first  equation  in  set  ( 1)  and  Eq.  (20).  one 


„  a-pd,-  (  -  d5,\ 

Total  charge  on  the  surfaces  of  the  bimorph  {t  -  ±h). 
can  be  written  as  [5] : 


a=- 


D3(-h)d5' 


electroae  surface 


eiectroae  sunve 


Substituting  Eq.  ('21)  into  Eq.  (22)  gives 

-(^^3-^)  jf  {E,W-Eii~h))dxdy 


electrode  surface 


Electrical  current  through  the  bimorph  can  be  written  as 

,  d<2. 


and  the  electrical  admittance  of  the  bimorph  using  boundary 
conditions  aty  =  0  (Eq.  (9))  is 


^  .  .,^-2,  5t7  /  r  4 

Y==jco  2~^hw- - \43--J 

-rr-  aV|  I  \  A 


X  J|  iEyih)-Ei{-h))dxdy  ^ 

electroce  sunoce 


Using  Eqs.  ( 1).  ( 17)  and  (25)  one  obtains 

/I  1  j-c.  2Ai 

Joshf  .U1sin[.V/1  -sinhf  A/lcos(Ai1  -r3(coshf.Ukosf  Ai)  -  1) 
1  -  cosh  [. U)  cos  (.U)  -S(cosh(A/]sint,Ul  -sitm(,Wlcos(A/]) 


(26) 

At  frequencies  far  below  the  fundamental  bending  resonance 
and  without  applied  external  force  ( = 0) .  the  expression  in 
parentheses  in  Eq.  (26)  reduces  to  si’s  [  1 -^  ( l/2)(dj2/ 
Tne.'^fore.  for  PKI550  ceramics,  as  follows  from 
Table  2.  the  corresponding  impedance  should  increase  by 
*>  5^  as  compared  to  that  for  the  buLk  material  with  the  same 
dimensions.  Instead  of  that,  the  expenmentai  value  for  the 
bimorph  strucrure  was  by  6-8%  lower  tiian  that  for  the  bulk 
matenai.  The  reason  for  this  is  that  in  the  theoretical  calcu¬ 
lations  an  approximate  electric  field  t  Eq.  ( 1) )  was  used  and 
the  effect  of  bending  along  the  X  axis  i  Fig.  2)  was  not  taken 
into  account. 


4.  Calculation  of  vibrations  of  the  piezoelectric 
cantilever  loaded  with  the  diaphragm 

To  evaluate  vibrations  of  the  piezoelectric  cantilever 
loaded  with  diaphragm  (Figs.  1  and2)  bymeansofEq.  ( 16). 
the  external  mechanical  force  acting  on  the  vibrating  end 
of  the  cantilever  along  the  Z  axis  should  be  determined 
( forces  acting  along  the  Y axis  are  neglected) .  This  force  may 
be  calculated  using  the  laws  of  angular  and  linear  momentum 
conservation  [6]  for  the  diaphragm: 


rx(R.  -R,-F„ 


rxFi„d5 


rxF,„dV^ 


diaphragm 


=  -  f 

dr  J 


(rx  p^vidV 


diaphragm 


R,-R,-F, 


.-F„+  J  Fi„dV'r-  I  F, 


diaphragm  diaphragm 


-  5  J  0-''“'' 
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where  v(.r)  is  the  diaphragm  velocity.  Assuming  tharthe 
thickness  of  the  diaphragm  is  small  wi±  respect  to  its  length;, 
volume  integrals  in  Eq.  (27)  can  be  transformed  to  surface 
integrals.  The  air  damping  force  (surface  density)  Fdm  can 
be  written  as  [7]: 

(28) 

where  .tv  is  the  damping  coefficient  depending  on  the  shape 
of  the  transducer  (it  is  directly  related  to  the  acoustic  impe¬ 
dance  of  the  transducer  [7] ).  By  substimting  various  quan¬ 
tities.  the  set  of  Eq.  (27)  in  X’TZ'  coordinate  system  can  be 
transformed  to 

_  _  _  .  .  da 


Fpusn  ^  F„  r-  R ,  -r  tv — sin  (p— 


dra  da  _ 

—  pH — :: —  sin  (p— T- -i-cos  c  —  Z  axis 
2  dr  dr 


.  dto 

— ‘f’~r 


uwL:  dra  aa  ~ 

=  pH^= -  cos  <0 — r-sinc  —  Y  axis 

2  ’dr  'dr 

Ri  sin  .j  — R-  cos  <p-r  —cos  — 

“  j  n  (it 


r.-.vLi  d^a 

= -p.^-— — r  r  axis  (29) 

0  dr 

where  P.„  is  the  weight  of  one  half  of  the  diaphragm  with  the 
widdi  .v.  and  a  is  the  angle  between  the  diaphragm  and  Z' 
axis  ( Fig.  2') .  From  the  set  of  Eq.  i,  29)  one  can  solve  for  the 
magnitude  of  Fpujh  acting  along  the  Z  xxis: 

17  I 

Fpusn  V  “tvlvZ.^  , 

^  3  sin  c  dr 

j  Sin  ffl  dr 

Fpusn  "“^Fpusn  (jO) 

where  k  is  the  unit  vector  along  the  Z  axis.  The  right-hand 
side  of  the  first  equation  in  Eq.  ( 30)  is  the  e.\temal  force  F„ 
acting  at  tiie  moving  end  of  the  bimorph  cantilever  parallel 
to  the  Z  axis  since,  according  to  Newton's  third  law, 
Fjx  =  —  F-us„  and  the  Z  and  Z  xxes  coincide.  Clearly,  the 
external  force  F„  is  a  non-linear  one  in  a  general  case  since 
cmtp  and  simp  are  non-linear  functions  of  ip  and,  hence,  dis¬ 
placement  77;  For  an  air  acoustic  transducer  it  is  desirable  to 
work  in  a  linear  regime  when  the  amplinide  of  the  diaphragm 
vibration  is  much  smaller  than  the  diaphragm  height (Fig. 
I ) .  In  this  case; 

I  f-d 

ctn  a= - s  — 

sin  a  /ip 


do  1  d?; 

- !—  njx 

dr  A^dr„_,  ^ 

^  amp“  ^ 

•The  displacement  of  the  diaphragm  apex  is 

rid  =  ^.mp27(0  (32) 

We  also  assume  that  the  elastic  force  is  linear 

F*.  =  -.fcsprT7(0  (33) 

where  is  the  equivalent  spring  constant  of  the  air  enclosed 
in  the  cabinet  and  hinges  ( Fig.  1 ) .  Thus,  as  follows  from  Eqs. 
(30)-(33),  can  be  expressed  as: 


,  ,  ci77  ,  d-77 

dr,-.  I 


Since,  for  harmonic  excitation,  the  tip  displacement  of  the 
bimorph  cantilever  can  be  written  as  Eq.  (34)  can  be 


rewntten  as: 


2  I  j  ■ 


The  first  term  in  Eq.  (35)  produces  constant  defection  only; 
therefore  it  can  be  neglected  in  calculations  of  the  specmum 
of  vibrations.  In  comparing  Eqs.  f  15)  and  (35).  one  can  find 
coefncient  K  in  the  e.xpression  of  the  tip  displacement  ( Eq. 
(16.,); 

^  =  -  [r  )^anip(*vWf.d>-Pi‘V^’f-l<.^‘)-i-*.prj  ( 36) 

Thus,  vibrations  of  the  bimorph  cantilever  and  diaphragm 
can  be  calculated  by  means  of  Eqs.  (11).  (16),  (32),  and 
(36 1. 


5.  Results  of  modeling 

The  strategy  in  calculating  the  spectrum  of  the  diaphragm 
vibrations  was  as  follows.  Initially,  the  electromechanical 
properties  of  the  piezoelectric  bimorphs  were  determined  by 
experimentally  studying  characteristics  of  the  ceramics  and 
vibration  spectrum  of  unloaded  piezoelectric  bimoiph  canti¬ 
levers.  Then,  these  data  were  used  to  calculate  the  vibrations 
of  the  cantilevers  loaded  with  the  diaphragm.  Since  the  equiv¬ 
alent  spring  constant  k,^f  of  the  air  enclosed  in  the  cabinet 
and  hinges  was  unknown,  its  value  was  determined  experi¬ 
mentally  by  measuring  the  diaphragm  vibrations  at  low 
frequencies  under  the  assumption  that  is  frequency  inde¬ 
pendent.  As  follows  from  Eqs.  (19),  (32)  and  (36),  the 
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magnitude  of  low-frequency  vibrations  of  the  diaphragm 
apex  is  directly  related  to  the  spring  constant: 


To  determine  the  damping  coefficient  k.,.  it  was  assumed  that 
the  vibrating  diaphragm  behaves  as  a  baffled  piston  [7] : 


(38) 


where  is  the  air  density,  c.^,,  is  the  sound  velocity  in  the 
air.  V  is  the  frequency,  and  is  the  equivalent  radius  of  the 
transducer  diaphragm  with  the  area  A  =  r.^  =  'Ja/tt. 

Thus,  the  procedure  described  above  made  it  possible  to 
determine  ail  parameters  essential  for  calculating  the  vibra¬ 
tion  specmum  of  the  transducer.  Characteristics  of  the  dia¬ 
phragm  and  piezoelectric  bimorph  cantilevers  used  in  the 
transducer  are  given  in  Table  1  [  1].  It  is  important  to  note 
that  compiex  piezoelectric,  dielectric,  and  elastic  constants 
of  the  ceramics  used  in  the  bimorph  cantilevers  should  be 
determined  for  including  losses  in  the  piezoelectric  elements. 

Soft  piezoeiecuhc  ceramics  were  used  for  the  bimorph  fab¬ 
rication  [  i; .  It  is  known  thatelectrom.echanical  propeniesof 
these  piezoeiecaric  bimorph  cantilevers  are  highly  dependent 
on  the  magnirade  of  the  applied  electric  held  [8] .  Calculated 
electromechanical  coefficients  of  PZTcK  ceramics  using  data 
of  Refs.  fS.9i  for  the  electric  field  £  =  0.T1  kV/cm  rms  are 
shown  in  Tacie  2.  Frequency  dispersion  of  these  coefficients 
was  neglected  in  die  device  modeling  since  it  was  not  signif¬ 
icant  in  die  frequency  range  of  interest.  The  calculated 
vibration  specamm  of  the  unloaded  bimorph  cantilever  is 
shown  in  Fig.  3.  The  resonant  frequency  at  0.71  kV/cm  was 
f.  =  1 0-t-i  Hz  and  the  mechanical  quality  factor  was  Q„  = 
lO.l.  .\t  small  electric  fields  (£<0.01  kV/cm)  the  corre¬ 
sponding  parameters  1'^=  1 167  and  Q-  =  55  were  the  same 
as  the  experimental  data  [1].  It  should  be  noted  that  the 
vibration  a.mpiitude  at  the  resonance  and.  consequently. 
depend  on  die  mechanical  losses.  Using  notations  djj* 
and  and  Eq.  i  111.  Eq.  ( 16)  under 


a  200  4GO  600  300  1000  1200 

Frequency  fKzj 


Fig.  3.  Specrum  of  mechanical  vibrations  of  unioaded  piezoelectric  bimorph 
cantilever. 

conditions  (the  unloaded  bimorph )  and  (low 

losses  1  transforms  to; 


hm  (  ri  *  r  ' 


iinn..u,sinlA/l  -/lA/I  -pCcoshi.u'jini.u"  -sinhlAhcoslAtl) 

5! 

I  -coin  .ulcoslA/l  -ryi  A/I  jicosii  .u  iiai.u!  -sinhIA/lcosI  A/1 ) 


(39) 

whe.re  9.  is  die  phase  of  the  piezceiecric  coefficient  dj-  and 
is  the  phase  of  the  mechanicci  compliance  sf-.  .At  the 
fundamental  frequency  of  bending  vibrations  ( 1  A/1  *  1.375), 
Eq.  '■391  zives: 


mV,  , 0-89 

V-h/  u. 


Thus,  the  amplitude  of  the  resonant  displacement  of  the 
unioaded  cantilever  is  inversely  prcconionai  to  the  phase  of 
the  mechanical  compliance. 


Table  I 

Diaohrasm  ar.i 


s  oimorDh  cantilever c.haracter.stics 
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The  calculated  vibration  spectrum  of  the  diaphragm  apex- 
is  shown  in  Fig.  4.  The  magnitude  of  the  equivalent  spring 
constant  ( N7m)  shown  in  Fig.  4  is  for  the  width  of  the  part 
of  the  diaphragm  w  driven  by  one  bimorph  (w=5  mm). 
Clearly,  at  the  low  loss  limit  the  value  of  the  resonance  fre¬ 
quency  derived  from  the  model  does  not  depend  on  the  losses 
of  the  equivalent  spring  constant  and  it  reproduces  the  exper¬ 
imental  values  I'r  3  550  Hz.  Nevertheless,  only  compIe,x 
can  lit  the  amplirnde  of  the  diaphragm  vibrations  at  the  res¬ 
onance.  Tnese  results  indicate  that  the  elastic  force  caused  by 
hinges  and  the  air  enclosed  in  the  cabinet  has  losses.  Thus, 
the  model  developed  is  capable  of  describing  basic  charac¬ 
teristics  of  the  vibration  spectrum  of  the  transducer. 

As  seen  from  Fig.  4,  the  width  of  the  experimental  peak  is 
narrower  than  that  of  the  theoretical  ones.  This  may  be  caused 
by  an  increase  in  the  amplification  factor  of  the  diaphragm 
( Eq.  t  32  ■)  1  around  the  resonant  frequency  that  was  observed 
experimentally.  Nonlinear  dependence  of  electromechanical 
properties  on  the  level  of  vibrations  may  be  another  reason 
for  this  discrepancy.  The  data  of  Fig.  4  show  that  the  model 
does  not  describe  the  minimum  in  the  diaphragm  vibrations 
observed  near  300  Hz.  .\n  experimental  study  of  the  fre¬ 
quency  dependence  of  the  amplification  factor  of  the 
diaphragm  shows  that  the  diaphrag.m  has  its  owri  bending 
resonance  near  this  frequency,  i.e..  it  does  not  keep  its  shape. 
.Another  factor  that  can  affect  die  diaphragm  vibrations  at 
high  frequencies  is  losses  in  the  .hinges. 

Tne  model  developed  makes  it  possible  to  analyze  mechan¬ 
ical  vibrations  and  sound  pressure  generatedby  the  transducer 
for  vanous  dimensions  of  the  diaphragm  and  piezoelectric 
elements.  Vibration  characteristics  and  on-axis  sound  pres¬ 
sure  at  'die  disuince  r=  I  m  for  different  Sicknesses  Zk  of 
cantilevers  and£  =  0.7l  kV/cm  are  shown  in  Fig.5.  Acora- 
piex  value  of  the  spring  constant  .t,„  =  9500(0.9 16 -0.4/) 

N  /  m  vvas  used  in  the  modeling.  Tie  sound  pressure  p  of  the 
mansducer  was  calculated  assuming  that  the  transducer 
behaves  as  a  baffled  piston  [7] : 


P= 


(41) 


where  is  the  average  amplitude  tons)  of  the  diaphragm 
vibrations,  n.  s  0.5 17^.  The  calculated  value  of  the  sound  pres¬ 
sure  for  Zh  =  I  mm  is  close  to  the  experimental  one  [  1 1 .  It 
should  be  noted  that  the  results  of  the  model  (Fig.  5)  are 
valid  for  me  given  equivalent  spring  constant  only.  As  seen 
from  Fig.  5.  die  optimal  value  of  the  bimorph  thickness  lies 
beween  I  and  1.5  mm.  Clearly,  the  sound  pressure  developed 
by  the  transducer  sharply  decreases  below  300  Hz.  Data  of 
Fig.  5  show  that  the  resonant  frequency  of  the  transducer  is 
highly  dependent  on  the  thickness  of  piezoeiectric  elements. 

Tne  ."ncdei  developed  also  ma-kes  it  possible  to  analyze 
the  change  in  the  resonant  frequency  of  a  double-amplifying 
strucmre  [  1  ] .  The  structure  consists  of  two  piezoelectric 
bimorph  cantilevers  bridged  by  a  triangular  diaphragm  (as 
in  the  air  -uansducer  but  much  narrower  in  the  x  direction 


Frequenq/  (Hz) 

Fig.  a.  Comparison  between  experimental  ana  theoretical  magnitudes  of  the 
vibrarions  of  the  diaphragm  apex. 


.  Frequency  (Hz) 

Fig.  3.  Tneoretical  diaphragm  vibrations  and  an-axis  sound  pressure  at  the 
distance  1  ra  under  electric  lteid£*0.Tl  kV/emrras  for  different  thick¬ 
nesses  of  cantileven. 

and  without  non-radiating  plaes  covering  inactive  sides). 
Assuming  that  the  spring  constant  and  air-damping  coeffi¬ 
cient  in.this  structure  are  equai  to  zero.  Eq.  ( 18),  using  Eqs. 
(11)  and  ( 36) ,  reduces  to 

I  — cosh[a]cos[a]  — Q:(cosh[a]sin[a!] 

L  3  m 

—  3inh[ce]cos[a!])  j=0  (42) 

where  a  —  kl,  m^  =  is  the  mass  of  one  half  of  the 
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Height  of  the  Diaphragm  (mm) 

Fig.  6.  Theoretical  and  experimental  dependences  of  the  fundamental  reso¬ 
nance  on  the  height  of  the  diaphragm  apex  in  the  double-amplifying  struc- 
nire.  .Material  of  the  piezoelectric  bimotphs;  ioft  piezoelectric  ceramics 
3203HD  ( .Motorola). 


diaphragm  with  the  width  w  and  m  -  Zhiwp  is  the  mass  of  the 
piezoelecmic  cantilever.  As  follows  from  Eq.  ( 1 1 ) .  the  value 
a  obtained  from  Eq.  (42)  is  directly  related  to  the  resonant 
frequency  of  the  double-amplifying  stracnire. 

a-  Zh  1 

— — -===  (43) 

^  V3J-~;P 

Results  of  modeling  and  e.xperimentai  data  for  the  structure 
wiLh  Ih  =  1  mm.  w  =  7  mm.  I  =  20  mm.  m  =  1 .092  g,  =  25 
mm.  and  =  0.057  g  are  given  in  Fig.  5.  .A.s  seen  from  Fig. 
6.  Eq.  ( -13')  describes  e.xperimentai  data  for  the  ape.x  height 
above  1.5  mm.  Below  this  height  the  diiclcness  of  the  dia¬ 
phragm.  =  0.59  mm,  becomes  comparable  with  the  height 
of  the  diaphragm  apex  that  can  increase  the  contribution  of 
elastic  .^orces  and  bending  moments  in  the  hinges. 


6.  Conclusions 


In  this  work,  a  model  describing  basic  acoustic  character¬ 
istics  of  the  bimorph-based  piezoelectric  transducer  [  1  ]  has 
been  developed.  .A  one-dimensional  approach  was  suggested 
in  which  inertia,  elastic  and  damping  forces  are  included.  .As 
an  integral  pan  of  this  model,  analytical  equations  describing 
the  specaum  of  mechanical  vibrations  and  electrical  impe¬ 
dance  of  piezoelectric  bimorph  canrilevers  under  external 
forces  were  derived.  In  the  model,  complex  electromechani¬ 
cal  parameters  of  the  transducer  were  used  to  include  losses 
in  the  transducer.  Results  of  modeling  and  e.xperimentai  data 
are  in  good  agreement.  The  model  can  be  used  for  optimi¬ 
zation  of  ahe  acoustic  characteristics  of  the  transducer. 


7.  Nomenclature 


A, 

24.' 

Wd 

fd 

Vd 

Vd 

Pd 

nti 

2h 

I 

w 

V 

Vm 


P 

m 

r 

jf- 


(ji 

V 

Vr 

<P 

J 


Cmr 

K 

Pair 

P 

a 


4pr 

r 

x,y,  z 

k 

r 

V 


height  of  the  diaphragm  apex 
length  of  the  diaphragm 
width  of  the  diaphragm 
thickness  of  the  diaphragm 
displacement  of  the  diaphragm  apex 
average  displacement  of  the  diaphragm 
density  of  the  diaphragm 
mass  of  the  part  of  diaphragm  acting  on 
piezoelectric  bimorph  cantilever 
thickness  of  piezoelectric  bimorph  cantilever 
length  of  the  piezoelectric  bimorph  cantilever 
width  of  piezoelectric  bimorph  cantilever 
displacement  of  the  neutral  plane  of  the 
piezoelectric  bimorph  cantilever 
amplitude  of  the  displacement  of  the  neutral 
plane  of  the  piezoeiecaic  bimorph  cantilever 
amplitude  of  the  displacement  of  the  neutral 
plane  of  the  piezoelectric  bimorph  cantilever 
at  resonance 

density  of  the  piezoelectric  bimorph 
cantilever 

mass  of  the  piezoelectric  bimorph  cantilever 
y  component  of  the  mechanical  compliance  of 
the  piezoelectric  bimorph  cantilever 
piezoelectric  coefricient  along  the  Y  axis 
phase  angle  of  the  piezoelectric  coefficient  d,, 
phase  angle  of  the  mechanical  compliance 
wave  coefficient  describing  bending 
vibrations  of  the  piezoelectric  bimorph 
cantilever 
angular  frequency 
frequency 

the  fundamental  frequency  of  bending 
vibrations 

angle  between  the  diaphragm  and  Z'  axis 
imaginary  unit 

distance  between  die  sound  source  and  the 

measurement  point 

equivalent  radius  of  the  diaphragm 

sound  velocity  in  the  air 

air  damping  coefficient 

density  of  the  air 

sound  pressure 

coefficient  determining  the  resonant 
frequency  of  the  loaded  piezoelectric  bimorph 
cantilever 

equivalent  spring  constant 
time 

rectangular  Cartesian  coordinates 

unit  vector  along  the  Z  axis 

radius-vector  in  the  X'TZ  coordinate  system 

diaphragm  velocity 
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XYZ.XYZ' 

A 

E, 

D, 

I 

^omp 

2s 

Sz 

U 

Y 

Fei 

F„ 

Fj; 

F, „ 

F. 

ft 

K 

M 

•Vf., 

F,. 

Fi„ 

F^m 

F 

*  ousn 

R,.R, 

P 


Cartesian  coordinate  systems  ■  ' 

area  of  the  diaphragm 
electrical  field  along  the  Z axis 
electric  displacement  along  the  Z  axis 
electrical  current  through  the  piezoelectric 
bimorph  cantilever 
amplification  factor  of  the  diaphragm 
total  electric  charge  on  surfaces  of  the 
piezoelectric  bimorph  candlever 
mechanical  strain  along  the  Y  axis 
voltage  across  the  piezoelectric  bimorph 
cantilever 

amplitude  of  the  voltage  across  the 
piezoelectric  bimorph  cantilever 
electrical  admittance  of  the  piezoelectric 
bimorph  cantilever 
elastic  force  acting  along  the  T  axis 
external  force  acting  along  the  Z  axis 
amplimde  of  the  external  force  acting  along 
the  Z  axis 

inertia  force  directed  along  the  Y  axis 

internal  shear  force  along  the  Z  axis 

internal  translation  force  along  the  Z  axis 

complex  force  coefficient 

internal  bending  moment  along  the  X  axis 

external  bending  moment  along  the  X  axis 

vector  elastic  force 

vector  inertia  force  (volume  density) 

vector  air-damping  force  (surface  density) 

vector  force  driving  the  diaphragm 

vector  reaction  forces 

vector  of  spontaneous  polarization 
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Abstract  Bimorph  based  double  amplifier  actuator 
is  a  new  type  of  piezoelectric  actuation  structure 
whicb  combines  both  bending  and  flextensional 
amplification  concepts.  As  a  result  the 
displacement  of  the  actuator  can  be  more  than  tea 
times  larger  than  the  tip  displacement  of  bimorphs 
and  can  be  used  in  air  acoustic  transducers  as  an 
actuation  element.  This  paper  studied  the 
dependence  of  displacement  on  actuator  parameters 
and  optimum  design  issues  for  the  cover  plate  (the 
nextensionai  part  of  the  actuator)  theoretically  and 
exp  eri  men  tally. 


L  INTRODUCnON 

Kow  to  get  larger  dispiacemer.a  is  always  a  main 
objecrive  in  uhs  ieveiopment  of  piezoeiscmc  minsducsr  and 
actuator  devices.  Since  the  direst  esteasicnal  strain  in  most 
piezeeiesuds  cenmic  materials  is  at  best  a  few  tenths  of  one 
pe.'cent  dts  mea-ns  of  enhancing  or  a.Tiplifying  the 
dispiacemes:  is  essential  in  many  device  cesigns(I]. 

Except  for  nr.uiuiayer  type  acniaton.  which  enhance  the 
displacement  by  a  direct  dimension  sifesa  presently  there  ate 
two  ways  to  zmzliT/  die  extensionai  sciin  of  piezsieieoric 
materiaisCl].  Cne  is  to  make  use  of  bending  ampiification 
mechanism,  whic.h  leads  to  the  deveiopment  of  bimorph  type 
actuators.  .Anc  trier  way  is  the  utilization  of  flextendonal 
ampiificaucn  scheme,  which  leads  to  the  deveiopment  of 
:lexter.sicnai  transducers  widely  used  in  u.".cervater  acoustics, 
mccnis  and  cymbai  actua:crs(3]. 

Recently,  w-  presented  a  new  kind  of  piezoelectric 
actuation  smicture  named  bimorph  based  double  ampliiier(4], 
because  it  can  be  considered  as  die  combination  of  bending- 
type  actuators  and  ilextensional  elements,  as  shown  in  Fig,  1. 
.As  a  result  die  dispiacement  of  the  new  acraator  can  be  more 
than  ten  times  larger  dian  the  tip  dispiacement  of  bimorphs, 
and  can  be  used  in  air  acoustic  transducers  as  an  actuation 
ciem.ent.  Seme  thecmtical  analyses  have  been  given  earlier(5]. 
In  this  work,  the  dispiacement  of  the  actuator  is  studied  in 
deuiii,  with  emphasis  on  the  optimum  dimension  design  of 
the  cover  piate  sf  die  actuator. 

n.  PRZsCZPLE  .AND  THEOREnCAL  .ANALYSIS 


This  woric  uzs  lucccmd  by  the  Office  of  Naval  Researeij  under  the 
contric:  No.  .NCOO  ;  — ca.;.;  ;4Q, 


d:  tea^ih  of  (he  cover  piaie  Ic  hdsniafbimonhs 
c  Ciicicness  of  bimorphs  a,:  iaiuaibs^  of  the  cover  plate 

Hg.  Z.  3ssic  esniigunuon  of  bimorph  based  double  amplifier 

The  basic  conilguration  of  bimorph  based  double  amplifier 
is  shown  in.  Fig.  2.  The  structure  mainly  consists  of  two 
parallel-mounted  bimorphs  with  a  triangle  shaped  cover  plate 
as  an  aedve  diaphragm  fixed  on  the  top  of  the  bimorphs. 
Elgfaer  dispiacement  is  achieved  by  converting  the  tip 
displacement  of  bimorphs  to  the  motion  of  the  cover  plate. 
Since  one  of  the  objective  of  the  acraator  is  to  work  in  air 
acoustic  transducers  as  an  actuation  element,  loudspeaker 


paper  is  chosen  as  cover  plate  material  in  this  work  because 
of  its  excellent  mechanical-acoustic  property  and  light  weight. 

The  relationship  between  displacement  of  the  cover  plate 
(middle  point)  a.nd  actuator  parameter:  is  explained  below:  as 
shown  in  rig.  3,  letters  A,  B,  and  C  represent  the  joint  parts 
of  the  cover  plate,  which  are  called  as  hinge  regions. 
Generally,  the  deformation  of  the  cover  plate  can  be 
considered  to  concentrate  in  these  hinge  regions.  When  a 
displacement  of  the  cover  plate  is  generated,  moments  will  be 
induced  in  these  hinge  regions  due  to  the  deformation,  which 
will  balance  ±e  moments  produced  by  the  bimorphs. 
Therefore,  the  motion  of  the  cover  plate  is  rotation-dominated 
and  can  be  meated  as  two  rigid  beams  coonested  by  a  torsional 
spring  at  the  middle  poinL  When  a  voltage  V  is  applied  to  the 
bimorphs.  a  tip  displacement  A  and  foice  F  are  generated, 
which  in  turn  produces  a  displacement  ^  at  the  middle  point 
of  the  cover  plate  and  induces  a  moment  M  in  the  torsional 
spring  due  to  the  displacement.  From  the  geometric 
considemticn,  it  can  be  found  than 

■5  =  aj  —  ag  =  ijij  T*  L  •  A  -  Sg  (1) 

The  moment  balance  equadon  is: 

2F-(ag+q)  =  M  =  k-2'(e.-eg) 

or  F(3g  •!-q)  =  k(9i -9g)a;<-25/L  (2) 

Since  q  is  mush  smaller  than  L  k  in  equadon  (2)  is  the 
spring  constant  It  has  been  known  datfc]: 

4hs„ 

where  w  is  dte  width  and  sfi  is  the  eiasdc  compliance  of  the 
piezoeiecrio  material,  Ag  is  the  tip  displacement  under  fiee 
condition,  and 

Ag=3d3,V(h/:)*  (4) 

if  parailei  ryp-  bimorph  is  used. 

The  equivalent  tonional  spring  constant  k  can  be 
derermined  in  mis  way:  Suppose  the  original  length  of  the 
hinge  region  is  b.  and  it  is  also  the  aeutni  line  length  of  the 
deformation  area.  R^,  Rg  and  R<;  are  ±s  slasdc  curvature  radii 
at  hinge  regions  A.  B,  and  C  respecaveiy.  From  Fig.  3  we 
can  geu 

Raa  =  ^cu  *  b/  tan9i  ,  and  R^  -  b/(2mn9,),  i  =  0.  1 

Let  Ma,  Mg  and  M,;  represent  ±e  induced  moments  at  areas 
A,  3  and  C  due  to  the  dispiacement.  then  the  total  induced 
moment  isfr!: 


Fig.  3.  Rigid-beam  modd  for  rotaao8<iortnnaied  cover  plate  modon 
M  =  .Ma+Ms+Mc 

=  EI(1/Raj  -I/RAj)"2-Hia/R3j  “1/Rm) 

= -iHI(tan 9,  -tan93)/b 
ad.cl(9, -9g)/b 

where  H  is  the  Young’s  modulus  of  the  cover  plate  material 
and  I  is  area  moment  of  inerda  of  ross  section  of  the  hinge 
region.  Compare  to  equation  (2)  we  get  the  spring  constant: 

k  =  2EI/'3  (5) 

This  means  that  k  just  depends  ca  ±e  properties  of  the  cover 
plats  maisrial.  Substituting  rouaccas  (3)  and  (5)  in  equation 
(2)  yields: 

Cg(Ag-A)(ag+q)  =  (2E:/b)-(2^/L)  (6) 

From  equations  (1),  (6)  and  (4),  ie  dependence  of  A  and  q 
on  the  actuator  parameters  and  driving  voltage  can  be 

obtained,  so  that  optimization  cn  acaiator  design  can  be 
ccnducred.  However,  the  analysis  is  rather  complicated 
because  the  relationship  benveea  A  and  q  is  nonlinear 

according  m  equation  (1). 

Considering  a  simple  situatian.  that  is,  if  L-A«ag,  we 
get  die  linear  approximadons  ter  equadons  (1)  and  (6): 

q  =  L-A/(2a,)  (T) 

Cg(Ag-A)-ag=(2H/b)-(2^/L)  (8) 


Ker.cs  A  anc  ^ 


can  be  obtained  a^: 


A  = - - 

I  +  2EI/(ajc,b) 

(5), 

=  L-d^ 

(IQ) 

^  2ao+4EI/(aoC,b) 

Equation  (10)  indicates  that  q  will  increase  linearly  with  L, 

but  there  is  an  optimum  value  for  a,  where  §  is 
Tliis  optimum  value  is: 

maximum. 

2a,  =  4EI/(a,c,b).  or  a,  =  ,/2EI/(c,b) 

(11) 

However,  as  the  initial  height  a,  is  ve:y  small,  another 
possifaflity  is  that  the  deformation  of  the  cover  plate  becomes 
larger  and  csn  not  be  neglecmd,  that  is,  flextensional  motion 
of  the  cover  plate  will  occur.  Hence  the  rigid-beam  model 
shown  in  rig.  3  is  not  valid.  From  elastic  theory[8,9I,  when 
a  triangle  shaped  continuous  beam  is  under  the  action  of 
compressed  axial  force  P,  the  displacement  of  middle  point  is: 


m(rJ2)4?T^ 

(x/2)VP/?- 


(12) 


where  is  Euier  load. 

Hquaticr.  (12;  shows  that  ^  will  incmase  linearly  with  a,. 
Acraaily,  this  is  the  situation  similar  for  cymbal  acmators 
where  the  displacement  is  lineariy  miated  to  the  cavity  depth 
of  eadaaps  and  exponentially  .-eiattd  to  ‘he  cavity  diamemr 
because  of  dne  flexte-nsional  motion  of  jr.dcaps(101. 

Therefore,  if  flextensicnai  motion  af  he  cover  piate  occurs 
above  the  cphmum  a,  value  demnainsd  from  the  rotation- 
dominated  situadcn,  die  real  optimum  cover  plate  heigh:  will 
be  in  the  vicinir/  from  rotaticn-dominaud  situation  to  the 
flex:e.nsicn-dcminated  situation. 


m.  EICPERIMENTS 


The  bimcrphs  used  in  this  work  are  operated  in  parallel 
ccnfiguraticn  and  made  from  Motcrala  j203HD  (P21T  type 
5K)  material.  Their  dimensions  are  20.0  x  7.7  x  1  Jmm.  The 
loudspeaker  paper  with  the  same  width  and  0.56mm  thickness 
is  fixed  on  me  top  of  bimorohs  by  super  glue.  The 
dispiacemen:  cf  middle  point  and  tip  point  are  measured  by 
using  MTT  2CCC  rotonic  Sensor  under  different  dimensions 
of  cover  piate-  The  applied  voltage  on  bimcrphs  is  fixed  at 
150V  (p-p  value;  and  frequency  is  IHa. 

Tv .  PH5ULTS  AND  DISCUSSIONS 


Fig.  4.  is  the  dependence  of  middle  point  displacement  and 
tip  point  displacement  on  the  height  of  cover  piate.  The 


-  MiddJe  poiei 

Tip  point  asdff  loading  eonditia 
•  Tip  point  asnnr  fres  condition 

rig.  a.  Dependence  of  displacsma  ad  amplificaiion  fnaor 
on  the  iniiini  cover  aeighc 

length  of  cover  piate  is  fixed  at  5o.0mm  in  this  experiment. 
It  really  shows  that  there  is  an  optimum  value  for  imnai 
cover  piate  height  (about  Ijmm)  at  which  middle  point 
displacement  reaches  the  maximum.  Defining  the 
ampuccataon  factor  as  the  ratio  of  middle  point  displacement 
to  the  free  tip  displacement  of  biaorphs.  Fig.  4  shows  rhar 
the  amplification  factor  is  more  than  10  in  the  vicinity  of 
optimum  initial  cover  plate  height. 

In  order  to  determine  the  motion  situation  of  the  cover 
piate,  the  middle  point  displacssest  is  also  enlmlnfi^  Ijy 
using  equations  (1)  and  (7)  wth  measured  tip  point 
displacement  and  compared  to  experimental  values  in  Fig.  5. 
It  can  be  seen  that  when  the  cover  plate  height  is  larger  rhan 
O.Omns,  the  linear  approximation  can  be  used.  When  the 
cover  plate  height  is  between  IJmm  and  3.0mm,  the 
calculated  value  using  equation  (1)  is  consistent  with 
experimental  results.  This  means  it  is  still  rotarion-dominated 
situation  but  nonlinear  effect  must  be  considered.  When  the 
cover  piam  height  is  smaller  than  Umm.  the  calculated  value 
still  increases  but  the  measured  value  deceases,  which  means 


»■ —  Measured  value 

_  .  r.-iimiMeri  value,  using  equation  (7) 

—  •  Calculated  value,  using  equation  (1) 

rig.  S.  Measured  and  calculated  middle  point  displacement 


Cover  plate  lengiii  (mm) 

..  -  Initial  caver  plate  height  s  3.0mm 
■I  —I—  Initial  caver  plate  height  a  Umm 
,  Initial  cover  plate  height  a  OJmm 

Hg.  6.  Depeadeace  of  middle  point  displacement  on  cover  plate  length 

flexassionai  motion  of  cover  piate  becomes  obvious. 
Tnerefors,  the  optimum  initial  cover  plate  heigh:  for  the 
present  design  is  in  the  vicinity  from  rotahon-dominared  to 
flextesticn-dominated  situation. 


Fig.  6  shows  the  dependence  of  middle  point  displaccmer 
on  the  length  of  cover  plate.  When  the  cover  plate  heigh:  i 
3.0mm.  the  linear  approxi.mation  can  be  used  so  thi  th 
middle  point  displacement  will  linearly  increase  with  th; 
length  of  cover  plate.  When  the  cover  plate  height  is  0-5mm. 
flextensional  motion  becomes  dominated,  and  the  middle 
point  displacement  increased  with  cover  piate  length  mcr 
rapidly  chan  linearly.  This  is  consistent  with  our  theoretica 
analysis. 


V.  CONCLUSIONS 

The  displacement  of  bimorph  based  double  ampliifre: 
acmators  can  be  more  than  ten  times  larger  than  the  tip 
displacementofbimorphs.Thedisplacsmentstrongiy  depends 
on  the  initial  height  of  cover  plate.  When  the  cover  plate 
height  deceases,  the  motion  of  cover  piate  is  from  rocacon 
deminared  to  flextension-dominated.  And  the  optimum  cover 
plam  height  is  in  the  transfer  region  of  these  two  kinds  of 
siraadons.  The  displacement  increases  with  cover  plate 
lengd:,  but  the  relationship  in  detail  is  quite  diSerent 
according  to  rotation-dominated  or  tlexansion-dcminaied 
siraauon. 
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ABSTRACT 

Piezoelectric  acmators  have  significant  potential  for  use  in  smart  systems  like  vibration  suppression  and  acoustic  noise 
canceling  devices.  In  this  work,  a  novel  piezoelectric  bending  actuator  CRESCEMT  was  developed.  CRESCENT  is  a  stress- 
biased  ceramic-metal  composite  actuator.  The  technology  involves  the  use  of  the  difference  in  thermal  contraction  between 
the  ceramic  and  the  metal  plates  bonded  together  at  a  high  temperature  by  a  polymeric  agent  to  produce  a  stress-biased 
curved  stnicmre.  An  extensive  experimental  investigation  of  this  device  in  the  cantilever  configuration  was  carried  out.  The 
tip  displacement,  blocking  force  and  electrical  admittance  and  were  chosen  to  characterize  the  performance  of  the  actuator 
under  quasistatic  conditions.  The  device  fabricated  at  optimum  temperature  exhibits  large  tip  displacement  and  blocking 
force  and  possesses  superior  electromechanical  characteristics  to  conventional  unimorph  acmators. 

Keywords:  piezoelecuic  actuators,  unimorph.  bimorph,  CRESCENT 

1.  INTRODUCTION 

Piezoeiecuic  ceramic  materials  are  being  increasingly  investigated  for  use  as  solid-state  acmators  in  applications 
requiring  large  displacements  (>10  .um)  such  as  loudspeakers,  pumps,  vibration  suppression  and  acoustic  noise  canceling 
derices.  Since  me  direct  extensional  strain  in  piezoelectric  ceramics  is  quite  small,  novel  strain  amplification  mechanisms 
are  being  expicred.  The  bending  mechanism  is  an  effecuve  strain  ampiincaiion  technique  and  acmators  utilizing  this 
mechanism  are  'videiy  used  for  the  above  mentioned  applications.  A  classical  example  of  such  a  derice  is  the  unimorph 
actuator'  which  consists  of  the  non-piezoeiectric  and  electrodec  piezoeieccric  plates  bonded  togemer.  .A.  schematic  view  of 
the  unimorph  acmator  with  rectangular  cross-secrion  in  the  cantilever  configuration  is  shown  in  Fig.  la.  The  flexural 
displacement  r:  under  applied  voltage  U  (Fig.  lb)  is  caused  by  die  piezoeiecmic  effect  in  the  direcdon  perpendicular  to  the 
polar  Z  axis  (piezoelectric  d^i  coefficient). 


Rg.  1.  (a)  -A  schematic  view  of  the  unimorph  acmator  in  cantilever  configuration.  P,  denotes  the  vector  of  the  spontaneous 
polarization,  (b)  Rexural  displacement  q  of  the  unimorph  in  the  ZX  plane  under  the  applied  voltage. 


Recently,  a  novel  technique  of  using  pre-stress  produced  during  the  device  fabrication  was  introduced.*  The 
piezoelectric  actuator  made  using  this  technique  was  named  RAINBOW  (Reduced  And  Internally  Biased  Oxide  Wafer). 
rainbow  is  made  by  subjecting  the  ceramic  to  a  selective  high  temperature  reduction  with  graphite  in  an  oxidizing 
atmosphere  resulting  in  a  reduced  electrically  conductive  layer  and  an  unreduced  piezoelectric  layer.  The  resulting  stress- 
biased  monolithic  unimorph  has  a  dome  or  saddle-sh^jed  structure  because  of  difference  in  the  thermal  contraction  between 
the  reduced  and  unreduced  layers  of  the  ceramic  plate.  It  was  stated  that  this  dome  shape  enables  the  actuator  to  generate 
significant  a.xial  displacement.^ 

In  this  work,  the  authors  describe  a  novel  piezoelectric  stress-biased  bender  called  CRESCENT.  This  device  is  very 
promising  considering  that  it  generates  fairly  large  displacement  and  blocking  force  at  reasonable  driving  fields.  In 
addition,  ease  of  fabrication,  low  cost  and  sur&ce  mountable  configuration  are  some  of  its  other  attractive  features.  Details 
regarding  the  fabrication  of  CRESCENT  and  its  electromechanical  characterization  are  given  below. 

2.  FABRICATION  OF  CRESCENT 

The  technology  of  fabricating  CRESCENT  involves  the  use  of  the  difference  in  thermal  contraction  between  the 
piezoelectric  ceramic  and  metal  plates  bonded  together  by  a  polymeric  agent  to  produce  a  stress-biased  curved  structure. 
The  elecmoded  piezoelectric  plate  is  cemented  to  a  metal  plate  by  a  thin  layer  of  high  temperature  curing  epoxy  by 
subjecring  it  to  high  temperature  (200-100®C)  for  a  fixed  period  of  time  (typically  30  minutes  -  6  hours)  so  that  the  epoxy 
cures  and  hardens.  Then  the  structure  is  rapidly  cooled  (typically  air  cooled)  to  room  temperature  to  achieve  the  differential 
thermal  contraction.  This  process  produces  a  dome-shaped  stracnire  with  significant  internal  stresses.  After  the  device  is 
febricaied  it  is  poled.  A  schematic  view  of  the  CRESCENT  is  given  in  Fig.  2. 


Fig.  2.  Schematic  view  of  CRESCENT. 


3.  EXPERIMENTAL  PROCEDURE 

In  all  experiments,  soft  piezoelectric  ceramics  PKI550  (Piezo  Kinetics.  Inc.)  and  stainless  steel  SS302  were  used. 
This  categor;/  of  piezoelectric  ceramics  is  analogous  to  soft  piezoelectric  ceramics  P2rr5H.  Stainless  steel  SS302  was  used 
because  of  its  very  high  Young’s  modulus.  Two  epoxies  with  different  curing  temperatures  were  used:  one  of  the  epoxies 
was  cured  at  250  ®C  for  6  hours  and  the  other  was  cured  at  350  °C  for  45  minutes. 

Each  piezoelectric  plate  was  rectangular  in  cross-section  and  had  the  following  dimensions:  total  length  L  =  30 
mm,  width  w  =  11  mm  and  thickness  t,  s  1.09  mm  (Fig.  1).  The  SS  302  plates  had  dimensions:  total  length  L  =  30  mm, 
width  w  s  1 1  mm  and  thickness  to  s  0.37  mm  (Fig.  1).  Since  the  Curie  temperature  (-200  “Q  was  lower  than  the  device 
fabrication  temperature,  the  acmaiors  were  poled  after  fabrication.  The  radius  of  the  curvature  of  both  the  CRESCENT 
actuators  before  poling  was  about  0.4  m  and  after  poling  it  increased  to  0.8-0.9  m.  For  comparison,  standard  dji  unimorph 
acmator  of  identical  dimensions  was  fabricated.  In  case  of  unimorph,  the  piezoelectric  ceramic  plate  was  first  poled  along 
its  thickness  and  then  bonded  to  the  SS302  plate  using  ccmmercially  available  J-B  Weld  epoxy  (J-B  Weld  Company)  at 


room  temperature  for  24  hours.  Hence  the  unimorph  has  a  greatly  reduced  level  of  internal  stress  compared  to  the 
CRESCENT  actuators. 

The  piezoelectric  d33  coefBcients  of  the  CRESCENT  and  unimo^h  actuators  after  poling  were  measured  using  the 
piezoelectric  d33  meter  ZJ-2  (Institute  of  Acoustics.  Academia  Sinica).  To  characterize  the  CRESCENT  and  unimorph 
acmators,  their  eiecaromechanicai  response  as  a  function  of  the  applied  electric  field  well  below  the  fundamental  frequency 
of  bending  vibrations  (quasistatic  conditions)  was  investigated.  Under  quasistatic  condidons,  the  following  parameters  of 
these  devices  in  the  candlever  configuradon  (Fig.  1)  were  measured  as  a  fiincdon  of  amplitude  of  the  electric  field;  (i) 
displacement  r[  of  the  free  end  of  the  candlever,  (if)  blocking  force  Fy  (when  ti=0),  and  (izi)  electrical  admittance  Y.  The 
vibradng  length  of  the  candlever  was  1  =  26  mm. 

A  block  diagram  of  the  experimental  set-up  is  shown  in  Rg.  S."*  Hie  dp  displacement  of  piezoelectric  candlevers  was 
measured  by  a  photonic  sensor  MTI 2000  (MTT  Instruments).  The  acmator  (in  Hg.  3,  bimorph  is  shown  as  an  example)  was 
mounted  on  a  XYZ  microposidoner  (Ealing  Eleccro-Opdes,  Inc.).  To  measure  the  blocking  force,  a  special  metal  head  of  a 
load  ceil  ELF-TC500  (Entran  Devices,  Inc.)  was  glued  by  Super  Glue  to  the  vibradon  end  of  the  acmator.  Power  supply  PS- 
15  (Entran  Devices,  Inc.)  was  used  to  drive  the  load  cell.  The  electrical  admittance  was  measured  by  means  of  a  smaj]  (a 
few  ohms)  resistor  R  connected  in  series  with  the  actuator.  The  lock-in  amplifiers  (SR830  DSP,  Stanford  Research  Systems, 
Inc.)  used  to  measure  the  signals  corresponding  to  the  dp  displacement  and  admittance  were  synchronized  with  the  output 
voltage  of  the  power  amplifier  (790  Series,  PCS  Piezotronics,  Inc.  or  P.A-250H,  Julie  Research  Laboratories,  Inc.).  The 
input  AC  signal  to  the  power  amplifier  was  provided  by  a  generator  DS345  (Stanford  Research  Systems,  Inc.).  The 
developed  experimental  set-up  can  be  used  over  a  wide  frequency  range  (fr’om  DC  to  several  kHz).  The  maximum  driving 
voltage  this  semp  can  handle  is  300  Volt  RMS. 


Rg.  3.  Block  diagram  of  the  experimental  set-up  adopted  to  measure  electromechanical  preperdes  of  piezoelectric 
actuators.''  Pj  denotes  the  vector  of  spontaneous  polarizadon. 

Elecmcmechanical  characterisdes  were  measured  in  the  quasistatic  regime  at  room  temperature.  The  measurement 
frequency  ICO  Kz  was  at  least  tea  dmes  smaller  than  the  nindamentai  resonant  frequency. 

4.  EXPERIMENTAL  RESULTS 

The  values  of  the  piezoelectric  dss  coefficient  of  the  CRESCENT  and  unimorph  actuators  are  given  in  Table  1.  It  is 
e-rident  that  the  033  coefficient  decreases  with  increasing  device  fafaricaticn  temperature.  Thus  the  CRESCENT  actuator 
fa’oricated  at  350®C  has  the  lowest  value  whereas  the  unimorph  actuator  has  the  highest  value. 

Table  1.  Values  of  the  piezoeiecmic  dss  coefficient  of  the  CRESCENT  and  unimorph  actuators 


TYPE  OF  PIEZOELECTRIC  .\CTUATOR  ! 

oiezoeiectric  dn  coefficient 

CRESCENT  (fabricated  at  250'’C)  1 

1  518 

CRESCENT  (fabricated  at  350°C) 

1  512 

Unimomh  1 

1  570 

Fig.  4  and  Rg.  5  show  the  variation  of  quasistatic  tip  displacement,  blocking  force  and  admittance  of  the 
CRESCENT  acmator  fabricated  at  250®C  with  increasing  electric  field  upto  about  2  kV/cm.  Fig.  6  and  Fig.  7  show  the 
variation  of  these  parameters  with  electric  field  for  the  CRESCENT  actuator  fabricated  at  350“C.  The  variation  of  these 
parameters  wi±  electric  field  for  the  unimorph  actuator  is  depicted  in  Fig.  8  and  Fig.  9.  As  seen  from  the  figures,  for  all  the 
three  actuators  under  consideration,  the  quasistatic  tip  displacement  and  blocking  force  vary  linearly  with  electric  field  for 
low  fields  but  the  variation  becomes  increasingly  non-linear  at  higher  electric  fields.  The  slope  of  tip  displacement  and 
blocking  force  vs.  electric  field  monotonically  increases  with  electric  field  at  higher  levels  of  field. 


Fig.  4.  Variation  of  tip  displacement  and  blocking  force  of  CRESCENT  fabricated  at  250®C  with  electric  field. 


Fig.  5.  Variation  of  relative  admittance  of  CRESCENT  fabricated  at  250'’C  with  electric  field. 


Heciric  Field  (kV/cm) 


Fig.  8.  Variation  of  tip  displacemeat  and  blocking  fores  of  unimorpix  with  electric  field. 


Hg.  9.  Variation  of  relative  admittance  of  unimorph  with  electric  Seid. 


5.  DISCUSSION  AND  SUMMARY 

The  experimental  results  snow  that  the  CRESCENT  acruaior  fabricated  at  2S0®C  exhibits  a  larger  tip  displacement 
but  a  smaller  blocking  force  and  eiecricaJ  admittance  than  the  unimorph  actuator.  However,  the  CRESCENT  actuator 
fabricated  at  SSO^C  shows,  a  smaller  tip  displacement,  blocking  force  and  electrical  admittance  than  the  unimorph.  It  is 
indeed  useful  to  compare  the  various  electromechanical  parameters  of  the  three  actuaton  and  arrive  at  an  overall  figure  of 


merit  which  can  be  used  to  evaluate  their  electromechanical  performance  relative  to  one  another.  Tnis  comparison  can  be 
,  using  the  analysis  given  beiow.^  Tnis  analysis  can  be  applied  only  to  actuators  consisting  of  plates  with  rectangular 

^osS'Section. 

The  actuators  were  studied  in  the  cantilever  configuration  in, which  the  mechanical  load  is  usually  applied  to  the 
vibrating  end  of  the  cantilever.  Therefore  the  most  important  characteristics  under  quasistatic  conditions  are  the  free 
displacement  tj  (Fig.  1)  of  the  vibrating  end  and  the  blocking  force  when  r[=0.  For  piezoelectric  unimorph  actuators* 

3d,  wt’  ™ 

F  -^k  E 

“Sr'/*’ 

where  and  r*  are  the  piezoelectric  coefficient  of  ceramics,  and  the  mechanical  compliance  of  ceramics  in  the  direction  X 
under  the  constant  electric  field  E  (Fig.  1)  respectively,  k^  and  ksi  are  displacement  and  blocking  force  coefficients 
respectively,  and  E  =  U/t^ . 

For  unimorph  cantilevers  ( i.e.  without  internal  mechanical  stress)  ki  and  can  be  expressed  as* 

^  l-r4xy  +  6x'y-r4x^-r  *  t  ’  “ 

'  ^  '  (2) 

=  2xy- - . 

1  +  xy 

where  is  the  Young’s  modulus  of  the  meml.  As  given  in  equation  (2)  factors  ki  and  ka  depend  on  the  ratio  of  thicknesses 
X  and  ratio  of  Young’s  moduli  y  of  metal  and  piezoelectric  plates. 

For  CRESCENT  actuators,  internal  mechanical  stress  produced  curing  device  fabrication  and  poling,  changes  the 
electromechanical  properties  of  ceramics.  Taerefore  equation  (1)  for  these  acraators  can  be  written  as* 

3  WS  ,  c- 

t 

F  k  F 

^  '  S  sf.  1  ’ 

where  k,  is  equal  to  relative  change  in  dn  and  is  equal  to  the  change  in  as  a  result  of  the  internal  stress  bias.  ki 

is  not  very  sensitive  to  change  in  r® .  Hence  can  be  calculated  from  the  ratio  of  the  tip  displacements  of  the  CRESCENT 
and  unimorph  acruators  using  equation  (1)  and  equation  (3).  However,  ka  being  a  strong  function  of  r.^,  the  value  of  ka  in 
equation  (3)  should  be  first  calculated  using  the  value  of  j*  under  mechanical  stress  in  equation  (2).  Then  kpn  can  be 
determined  from  me  ratio  of  blocking  forces  and  ratio  of  kn  for  unimorph  and  CRESCENT  actuators  using  equation  (1)  and 
equation  (3). 

Another  important  quasistatic  elecuomechanical  characteristic  of  the  actuators  is  their  electrical  admittance  Y : 

Iw 

Y  =  M—e.lk^,  (4) 

where  co  is  the  angular  frequency  =  Ixv.  is  the  component  of  the  tensor  of  the  dielectric  permittirity  of  ceramics  and 
coefficient  ky  depends  on  the  electromechanical  coupling  coefficient  and  a  change  in  the  dieiectric  permittivity  due  to 
device  fabrication. 


An  overall  figure  of  merit  representing  the  ratio  of  the  mechanical  work  to  the  input  electrical  energy  can  be  expressed  as* 

tiF 

overall  figure  of  merit  <*  — — .  (5) 


Equation  (5)  can  be  used  to  compare  different  actuators  (in  our  case,  CRESCENT  and  unimorph  actuators)  only  if 
ley  are  fabricated  using  ±e  same  piezoeiecuic  ceramics  and  have  the  same  dimensions  of  the  active  piezoelectric  plate.  All 


quasistatic  characteristics  should  be  measured  for  the  same  amplitude  and  frequency  of  the  applied  electric  field  since 
electromechanical  properties  of  piezoelectric  ceramics  depend  on  the  amplitude  and  frequency  of  the  electric  field/ 

Calculated  relative  values  with  respect  to  the  unimorph  actuator  representing  electromechanical  characteristics  of 
the  actuators  studied  are  given  in  Table  2.  These  values  were  obtained  at  low  applied  electric  field  (less  than  20  V/cm).  As 
seen  from  Table  2,  the  CRESCENT  actuator  fabricated  at  2S0°C  has  the  highest  figure  of  merit 


Table  2.  Figures  of  merit  of  bending-mode  piezoelectric  acmators  in  the  candlever  configuration. 


Type  of  Piezoelectric 
actuator 

Tip  displacement 
(relative) 

Blocking  force 
(relarive') 

Admittance 

(reladve) 

Overall  figure  of  merit 

Unimorch 

1 

1 

_ 1 _ ^ ^ _ 1 

CRESCENT 
(■  fabricated  at  ISO^O 

1.09 

0.97 

0.91 

1.16 

CRESCENT 
(fabricated  at  350°O 

0.38 

0.85 

0.90 

0.83 

Based  on  the  relative  values  of  tip  displacement  and  blocking  force  and  equations  (1)  and  (3)  the  values  of  i,  and 
ijoj  under  quasistatic  conditions  and  low  appli^  electric  field  can  be  calculated.  The  caicaiaisd  values  of  these  coefficients 
are  given  in  Table  3. 


Table  3.  and  !Cfm  values  for  CRESCENT  actuators 


t 

CRESCEN  i  '.'fabricated  at  1 

1.09 

0.88 

CRESCENT  .'fabricated  at  350^0  i 

0.38 

1  0.82 

From  Table  2,  it  is  clear  iat  ie  CRESCENT  acmator  fabricated  at  250®C  has  a  higher  up  displacement  and  lower 
admittance  dian  d-^  unimorph  fabr.mted  from  the  same  materials.  This  implies  that  the  average  piezoelectric  dsi  coefficient 
of  the  piezoeiecmic  ceramic  plate  poled  under  a  certain  level  of  mechanical  bending  stress  is  higher  and  the  corresponding 
dieiecuhc  permittivity  lower  ±an  that  of  the  starting  material.  This  is  very  surprising  because  experimental  results* 

show  that  longitudinal  stress  decrsises  piezoelectric  <^31  coefficient.  .Also,  it  is  interesting  to  note  that  for  a  piezoceramic 
plate  poled  under  a  cenain  level  of  mechanical  stress,  the  piezoelectric  <^33  coefficient  is  lower  but  the  piezoelectric  ^31 
coefficient  is  higher  than  the  startng  material.  This  enhanced  eiecmomechanical  response  can  be  attributed  to  specific 
domain  structures  which  are  formed  during  poling.  A  very  important  fact  supporung  this  hypothesis  is  that  there  was  a 
sisnificant  increase  in  the  radius  of  turvature  of  the  device  after  poling.  For  the  QIESCENT  acmator  fabricated  at  350®C 
(above  the  optimum  temperature),  excessive  residual  mecdznical  stress  may  decrease  the  piezoelecsic  d^i  coefficient.  This 
explains  me  inferior  electromcchanicai  characteristics  exhibited  by  the  actuator.  The  blocking  force  of  both  CRESCENT 
acruators  is  less  than  that  of  unimorph.  This  can  be  due  to  the  increase  in  j,®  due  to  mechanical  stress  during  poling  of  the 
device. 

It  is  evident  from  the  results  that  the  electromechanical  and  dieiecmic  properties  of  the  CRESCENT  actuators  are 
denendent  on  the  level  of  the  applied  electric  field.  At  high  electric  fields,  they  exhibit  a  non-linear  variation.  This  can  be 
attributed  to  the  non-linear  behavior  of  the  soft  PZT  ceramics.’  This  non-linear  behavior  of  ceramics  has  an  extrinsic  nature 
i.e.  it  is  caused  by  domain  wall  and  phase  boundary  motion. 

.Another  important  yardstic's  to  evaluate  the  reiiability  of  an  actuator  is  the  eiecmc  field  at  which  mechanical 
failure  occurs  at  resonance.  Electromechanical  resonance  induces  a  very  high  level  of  mechanical  vibrations  which  causes 
mechanical  fracture.  For  unimorph  and  bimorph  actuators,  the  fracture  occurs  at  30-50  MPa  in  the  region  where  actuators 
were  clamped  since  this  region  is  subjected  to  the  highest  'eve!  of  stress.*  CRESCENT  actuators  have  metal  plates,  and 
hence  even  if  mechanical  failure  of  ceramics  occurs  the  actuators  do  not  fracture  since  metals  like  stainless  steel  have  much 
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quasistadc  conditions  were  chosen  lo  evaiuate  decn-omecbaJLl  locking  fores,  and  e„^sical  admittance  under 

^CENT  actuator  fabricated  at  The  expe^etal  results  show  that  the 

canvendaaal  unimarpb.  This  also  shows  that  ^ugh  in  mos^t  cases  stress  '^^^^^stics  as  compared  to 
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Dynamic  Characteristics  of  Rainbow  Ceramics 

.  Catherine  Elissalde  and  Leslie  Eric  Cross' 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  Universin'  Park,  Pennsylvania  16S02 


The  piezoelectric  resonance  behavior  of  end-clamped 
bimorph  structures  made  from  the  rainbow  monolithic 
ceramic  have  been  evaluated.  Thickness,  width,  width  fle.x- 
ure.  and  length  bending  modes  have  been  identified  and 
measured.  Using  a  very  crude  model  in  which  the  cermet 
component  of  the  rainbow  is  assumed  to  have  the  same 
density  x  elasticity  product  as  the  bulk,  surprisingly  good 
agreement  is  obtained  between  observed  and  calculated 
frequency  behavior.  By  appropriate  processing  it  is  possible 
to  delaminate  the  bimorph.  and  work  is  now  in  progress  to 
measure  the  properties  of  the  two  separate  phases  so  that  a 
proper  composite  resonator  model  may  be  developed. 

I.  Introduction 

PIEZOEL3CTRIC  and  electrostricrive  materials  are  used  in  a 
wide  range  of  applications.  Especially  smart  materials  have 
aroused  increasing  interest.  To  improve  the  performance  of 
piezoeiecmc  materials  (higher  strain  or  higher  displacement), 
new  strjcrares  such  as  flextensional  structures  or  •‘moonie"  are 
developed.'  Recently  a  new  type  of  monolithic  ceramic  bender, 
known  as  'TainboW'  (reduced  and  internally  biased  oxide 
wafer;,  was  developed  by  Haenling.*  This  material  presents  a 
number  of  advantages  and  in  panicular  the  possibility  to  gen¬ 
erate  very  high  displacements.-  The  piezoelectric  materiai 
response  depends  not  only  on  its  piezoelectric  propenies  but 
also  on  elastic  and  dielectric  parameters.  Elastic  bodies  show 
resonances,  and  the  resonance  method  is  convenient  for  evaluat¬ 
ing  such  properties.  In  this  way.  the  purpose  of  this  work  is 
to  study  the  resonant  behavior  of  rainbow  materials.  .A.  good 
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knowledge  of  the  frequency  characteristics  is.  indeed,  essential 
for  many  types  of  applications. 

II.  Experimental  Procedure 
( I )  Sample  Preparation 

Rainbow  piezoelectric  PZT  ( lead  zirconate  titanate)  materi¬ 
als  were  prepared  using  a  conventional  mi,xed  oxide  process. 
During  the  processing,  an  additional  important  step  for  the 
rainbow  is  the  high-temperamre  chemical  reduction  of  one 
surface  of  the  wafer.*  The  thickness  of  the  reduced  layer  is  1/3 
to  1/2  of  the  sample  thickness.  Tnis  single-sided  reduction 
introduces  a  stress  in  the  ceramic  and  the  rainbow  becomes  a 
dome-shaped  wafer. 

The  rainbow  actuators  were  supplied  by  .Aura  Ceramics.  Inc. 
The  dimensions  of  the  initial  wafer  were  the  following; 
50.3  mm  in  diameter  and  0.“6  or  0.38  mm  in  thickness.  7a 
motional  diamond  saw  was  used  :o  generate  the  rainbow  canti¬ 
lever  used  for  our  experiments.  One  end  of  the  sample  was  then 
clamped  in  a  plastic  suppon  usLng  5  Minute  Epoxy  glue,  and 
the  other  end  was  free. 

>2)  Frequency  Measurements 

Frequency  measurements  were  performed  using  an  HP4194.  .A 
impedance/gain-phase  analyzer  which  covers  a  frequency  range 
of  100  Kz  to  40  MHz.  A  prelimLnary  calibration  was  conducted 
lopen  and  short  circuit).  On  acccant  of  the  initial  bent  shape  of 
the  rainbow  and  thus  because  of  the  high  sensitivity  of  the 
sample  measurement,  two  different  ceils  were  used.  Both  were 
connected  to  a  test  fixmre  with  the  four  terminals  attached 
directly  to  the  terminals  of  the  analyzer  (BN'C  connectors).  The 
so-cailed  "soft  cell”  (SC)  consisted  of  an  HPI6047  C  test  nx- 
ture.  Tne  so-called  "hard  cell”  HC  was  made  up  of  a  clip 
mounted  on  an  HP  16047  .A  test  hxture.  For  each  cell,  the 
contact  '.'.  as  near  the  clamped  end  of  the  rainbow  cantilever. 

Tne  reduced  layer  on  the  concave  side  of  the  rainbow  served 
as  one  of  the  electrodes  but  it  was  also  possible  to  electrode  it 


Fig.  1.  Impedance  spectrum  of  rainbow  cantilever '  L  =  25.5  mm.  w  =  5  mm.  t  =  O.'c  mm  i. 
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Fig.  1.  Resonant  frequency  of  lateral  e.xtensionai  mode  vs  width  (t  — 
0.76  mm):  (•V«pu.  ( — ifoia- 


Table  I.  Measured  Resonant  Frequency  of 
Rainbow  Cantilever" 


Resonant  frequency  iHz) 

iv  —  5  mni 

A-  *  2.S  mm 

=  1 .5  mm 

t  =  0.76  mm 

93  732 

274861 

678  755 

t  =  0.38  mm 

52046 

158  197 

426  264 

*  X  -  W.T  mm. 


structure  of  the  rainbow,  there  are  two  materials  involved,  the 
unreduced  P2T  ceramic  and  the  lead-based  cennet  of  the 
reduced  region.  As  a  first  appro,ximation.  assuming  that  the 
cennet  behaves  elastically  like  the  PZT.  the  value  obtained  from 
e.xperimental  results  is  about  C%  =  14.4  X  10'"  N/m-  = 
2.6  MHz').  Such  a  value  is  effectively  the  same  as  the  value  for 
common  piezoelectric  ceramics. 

The  frequency  of  the  resonant  mode  observed  close  to  3  X 
10’  Hz  in  Fig.  1  depends  only  on  the  width  of  the  sample 
and  thus  corresponds  to  the  lateral  extensional  mode  of  the 
cantilever.  Again,  assuming  the  cermet  behaves  like  PZT  we 
could  e.xpect  the  frequency  to  be  given  by  ' 


to  ensure  a  good  contact  In  fact,  the  results  of  these  impedance 
measurements  were  not  affected  if  only  the  top  side  or  if  both 
sides  w-ere  eiectroded. 

Temperature  measurements  were  performed  using  a  metallic 
cell,  a  hoc  plate  PC-35,  and  a  model  DRC  80-C  temperature 
controller. 

III.  Results 

f/ )  Resonance  Modes 

Four  resonant  modes  were  observed  in  the  rainbow  cantilever 
with  one  end  clamped.  The  resonances  appeared  in  the  fre¬ 
quency  range  100  Hz  to  4  MHz.  .As  an  example.  Fig.  1  shows 
the  impedance  spectrum  obtained.  The  lowest  resonant  mode  is 
the  bending  mode.  The  value  of  the  corresponding  resonant 
frequency  depends  on  both  length  and  thickness.  .At  high  fre¬ 
quency  ■/  >  2  MHz),  the  fundamental  thickness  mode  can 
be  obse.”.  ed.  In  a  conventional  plate  thickness  resonance,  the 
frequency  of  the  fundamental  is  given  by 


where  f.  is  the  parallel  resonance  frequency,  t  the  plate  thick¬ 
ness.  p  the  density  (p  =  7.5  x  10’  .kg,/m-').  and  C?,  the  elastic 
stiffness  at  constant  dielectric  displacement.  For  the  bimorph 


f  =  0.5Ww)yJ-^  (2) 

where  ’.f  is  the  width  of  the  sample,  p  the  density,  and  C%  the 
effective  elastic  constant  measured  at  constant  field.  The 
.mechanical  conditions  are  5.  =  0,  7.  =  0.  and  = 
l/5f;l  I  -  CT-).’ 

Figures  2  and  3  represent  the  measured  frequency  versus 
width  for  0.76  and  0.38  mm  thick  rainbows.  The  plots  clearly 
verify  the  1/w  dependence  and  from  the  slope  a  value  of  Sfi  = 
14.9-t’  X  10*''  m*/N  is  obtained  assuming  that  the  value  of  the 
Poisson  ratio,  or.  is  that  of  PZT.  i.e..  o-  =  0.36.  Such  a  5f,  value 
is  in  the  range  expected  for  softer  PZT  compositions. 

For  the  resonance  observed  near  9  x  lO"*  Hz  (Fig.  1)  the  most 
probable  origin  is  a  width  bending  mode  as  the  frequency 
scales  with  both  width  and  thickness,  but  not  with  length  of  the 
rainbow.  Table  I  lists  the  measured  resonance  frequencies  as  a 
function  of  these  two  controlling  dimensions. 

(2)  Bending  Mode 

In  this  study  we  have  focused  our  attention  on  the  lowest 
frequency  resonant  mode.  namei>'  the  bending  mode.  Figure  4 
shows  the  measured  bending  resonant  frequency  versus  the 
ratio  ::L  -  of  the  cantilever.  By  changing  the  length,  the  frequen¬ 
cies  of  the  other  resonant  modes  remain  constant.  .Again,  using 
the  assumption  of  a  homogeneous  ceramic,  the  resonant  fre¬ 
quency  of  a  cantilever  tone  end  clamped  and  the  other  free)  can 
be  expressed  as 
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Fig.  5.  Q  vs  width. 
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Fig.  7.  Temperature  dependence  of  resonant  frequency  of  the  bend¬ 
ing  mode  (L  =  32.27  mm.  iv  =5  mm.  i  =  0.38  mm). 
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where  L  is  the  length  of  the  sample  and  m  the  eigenvalue  of  the 
resonant  mode.  The  fundamental  resonant  frequency  corre¬ 
sponds  to  a  value  of  m  =  LETS'*  and 


f,  =  0.i6(f//:-) 


(3) 


From  experimental  values,  the  obtained  elastic  compliance  is 
about  15  X  lO'*’  m’/N  (Fig.  4).  There  is  not  a  significant 
difference  using  one  or  the  other  of  the  cells.  Moreover,  it  is 
interesting  to  notice  that  even  if  the  reduced  layer  Is  not  elec- 
troded.  the  measured  resonant  frequency  remains  the  same.- 
The  sharpness  of  the  impedance-frequency  peak  in  the  neigh¬ 
borhood  of  the  resonance  is  controlled  by  losses  in  material. 
Near  the  resonance  the  dominant  factor  is  probably  related  to 
mechanical  losses.  The  mechanical  quality  factor.  Q,  is  thus 
an  imponant  parameter  to  determine  the  impedance-frequency 
characteristics  of  resonating  systems.  It  also  gives  an  idea  of  the 
usable  bandwidth.  Q  is  obtained  from  a  determination  of  the 
minimum  impedance  IZ„,I  at  resonance.  Q  is  given  by  the 
relation 


temperature  were  performed.  The  temperature  range  was  from 
room  temperature  to  340  K.  As  an  example,  the  temperature 
dependence  of  the  frequency  of  the  bending  mode  is  shown  in 
Fig.  7.  For  all  the  samples,  a  decrease  of  frequency  is  observed 
when  the  temperamre  increases.  The  corresponding  variation  of 
the  resonant  frequency  can  be  well  fitted  using  a  law-type  such’ 
as  In/ =  A  -b  B(l/T)  (A  and  B  are  constants).  Using  Eq.  (3)  it  is 
also  possible  to  determine  the  temperature  dependence  of  the 
elastic  compliance.  In  each  case.  Sf,  increases  linearly  with 
increasing  temperature.  The  curve  fit  is  a  straight  line  (Fig.  8). 

It  is  perhaps  surprising  that  the  assumption  of  a  homoge¬ 
neous  ceramic  in  describing  the  elastic  and  density  propenies 
works  very  well  and  is  probably  adequate  for  many  engineering 
purposes.  Given  the  fact  that  oxygen  is  lost  from  the  ceramic 
during  the  reduction  process  and  that  the  resulting  cermet  puts 
the  ceramic  under  compression,  one  would  expect  a  higher 
density  in  this  component.  Possibly  this  change  is  panially 
compensated  by  a  reduction  in  stiffness  due  to  the  metallic 
phase.  We  note  that  in  some  cases  it  is  possible  to  cause  a 
delamination  between  the  ceramic  and  the  cermet  phases,  so 
that  with  the  possibility  of  explaining  the  elastic  and  density 
behavior  of  the  two  separate  phases,  it  will  be  possible  to  model 
more  exactly  the  precise  beha\  ior  of  this  composite  resonator. 


Q  =  l/[4-(C„  +  C,)(/, -/)IZJ]  (4) 

where  C,  -  C,  is  the  capacitance  measured  at  low  frequency, 
and/p  and/,  are  the  frequencies  corresponding  to  the  maximum 
values  of  the  resistance  R  and  the  conductance  G.  respectively. 
For  the  rainbow  cantilever,  the  calculated  Q  value  is  close  to 
100.  There  is  not  a  precise  evolution  of  Q  as  a  function  of  width 
and  length  i  Figs.  5  and  6).  Considering  the  restricted  sensitivity 
of  the  measurement,  it  is  reasonable  to  conclude  in  favor  of  an 
average  value. 

In  order  to  complete  the  characterization  of  the  bending 
mode  in  the  rainbow  cantilever,  measurements  as  a  function  of 
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Fig.  6.  Q  vs  length. 


IV.  Summary 

The  frequency  behavior  of  rainbow  cantilevers  has  been  stud¬ 
ied  in  a  large  frequency  range  (100  Hz  to  4  MHz).  Different 
modes  of  resonance  have  been  observed.  The  stronger  corre¬ 
sponds  to  the  thickness  mode  and  appears  at  high  frequency 
(/  >  2  MHz).  At  low  frequencN'.  the  bending  mode  can  be 
characterized  by  an  impedance-frequency  peak  with  a  value  of 


T  (K) 

Fig.  8.  Temperature  dependence  or  5'=’,  [L  =  32.27  mm.  vv  =  5  mm. 
t  =  0.38  mm). 
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Q  close  to  100.  The  corresponding  resonant  frequency  increases 
when  the  length  of  the  cantilever  decreases  and  is  also  depen¬ 
dent  on  temperature.  The  behavior  has  been  modeled  on  the 
simple  assumption  that  the  rainbow  cermet  has  elastic  and 
density  properties  similar  to  those  of  the  bulk  ceramic  and 
there  is  surprisingly  good  agreement  between  measured  and 
predicted  properties.  The  temperature  dependence  of  the 
resonance  suggests  that  the  Sf,  has  a  linear  variation  with 
temperamre. 

Using  separated  cermet  and  ceramic  elements,  measurements 
are  now  in  progess  to  characterize  exactly  the  separate  phases 


so  that  a  more  precise  composite  resonator  model  can  be 
developed. 
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.4bstract-  In  the  last  few  years  the  technology  o  f 
using  piezoelectric  actuators  for  applications 
requiring  large  displacements  such  as 
loudspeakers  and  noise*canceiing  devices  has 
undergone  significant  development.  The 

RAINBOW  (Reduced  and  INternaily  Biased  Oxide 
Wafer)  is  a  novel  high  displacement  actuator  and 
knowledge  of  its  dynamic  response  is  indeed 
essential  for  these  applications.  In  an  attempt  to 
characterize  the  RAINBOW,  measurements  were 
made  of  important  lumped  mechanical  and 
electrical  parameters.  Cantilevers  of  different 
dimensions  were  cut  from  R.4INB0W  discs.  The 
data  include  measurements  of  the  mechanical 
displacement  (under  both  quasistacic  conditions 
and  electromechanical  resonance),  and  its 
hysteresis,  mechanical  quality  factor  and  the 
electrical  impedance  of  RALVBOW  cantilevers. 
These  measurements  demonstrate  the  macroscopic 
effects  of  the  sinusoidal  applied  electric  field  and 
indicate  significant  non*IinearitU$  in  the 
RAINBOW  device. 

I.  Lntrodcctio.v 

For  many  years,  piezoelectric  and  iieccrosaicuvc  ceramic 
materials  are  being  increasingly  investigated  for  use  as 
solid-state  acraators  for  small  displacements  (<10u)  and 
precise  mechanical  movement  devices.  However,  many 
applications  like  loudspeakers  and  noise-canceling  devices 
require  actuators  producing  larger  displacements  (>lmm). 
The  direct  extensional  strain  in  most  active  ceramic 
materials  is  quite  small  (<1%)  and  hence  novel  techniques 
of  strain  amplification  are  required  to  sansiy  these  demands 
for  high  displacement  actuation.  Recently,  a  new  type  of 
monolithic  ceramic  bender  called  R.4INBOW  was  developed 
by  Kaertiing  [I],  Key  features  of  the  RAINBOW  include 
quick  processing,  ease  of  fabrication,  surface  mountable 
configurations  and  above  ail,  its  ability  to  produce  very 
high  displacements  at  reasonable  driving  fields.  A  good 
knowledge  of  the  dynamic  behavior  of  the  device  is  indeed 
essential  for  many  applications.  The  purpose  of  this  work 
is  to  study  the  dynamic  characteristics  of  the  RAINBOW. 


II.  Expesiment.^l  .methods 

A.  Sample  Preparation 

.As  it  is  known,  piezoelectric  PLZT  ceramics  are  prepared 
by  a  conventional  mixed  oxide  process.  During  the 
processing,  an  additional  important  step  for  making  the 
RAINBOW  is  the  high  temperamre  chemical  reduction 
process  which  involves  the  local  reduction  of  one  surface  of 
the  ceramic  thereby  achieving  an  anisotropic,  stress-biased, 
dome-shaped  wafer  with  significant  internal  tensile  and 
compressive  stresses  which  act  to  increase  the  overall 
strength  of  the  material  [1].  The  thickness  of  the 
electrically  conducting  reduced  layer  is  about  1/3  of  the 
sample  thickness.  The  RAINBOW  ceramics  used  in  this 
work  were  supplied  by  Aura  Ceramics  Inc.  The  original 
wafers  were  50.8mm  in  diameter  and  0.38mm  in  thickness. 
Cantilevers  of  various  dimensions  were  cut  from  the 
original  wafen  using  a  .Motional  Diamond  Saw.  One  end 
of  tile  cantilever  was  clamped  in  a  plastic  support  using 
Superglue,  the  other  end  was  free. 

B.  Measurements 

Frequency  measurements  under  low  electric  field  were 
periormed  using  a  HP4I94A  Impedance/Gain  Phase 
analyzer  in  the  frequency  range  100  Hz  -  4  MHz.  To 
investigate  the  response  of  the  RAINBOW  cantilevers 
under  varying  frequency  and  ampiinjde  of  the  driving  field 
(RMS),  sinusoidal  signals  varying  in  amplitude  and 
cequencT/  were  applied  with  the  signal  generator.  The 
current  flowing  through  the  sample  was  determined  from 
the  voltage  drop  across  a  small  resistance  which  was 
measured  on  a  lock-in  amplifier.  Hence  impedance  of  the 
sample  was  determined.  The  tip  displacement  of  the 
RAEnBOW  cantilever  was  measured  by  an  optical  fiber 
sensor.  The  amplitude  of  the  tip  displacement  (RMS)  was 
measuned  by  a  lock-in  amplifier  while  the  sinusoidal  signal 
corresponding  to  the  tip  displacement  was  monitored  on  an 
oscilloscope.  Complete  description  of  the  measurement 
setup  used  can  be  found  in  [2].’ 
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III.  Results 

A.  Resonance  modes 

Tns  frequency  spectrum  of  the  electricai  impedance  of  the 
R-AINBO^V  cantilever  with  one  end  ciamped  shows  four 
resonance  modes  in  the  irequency  range  100  Hz  -  4  MHz 
[3].  The  lowest  resonant  mode  is  the  bending  mode.  All 
the  results  discussed  subsequently  are  pertinent  to  this 
bending  mode.  The  resonant  frequenr/  of  the  bending 
mode  can  be  expressed  as  [4] : 

f,  =  (m-/2r.^L2) .  {t/L') .  ilAi{  p  (1) 

where  m  =  eigen  value  of  the  resonant  mode  =  1.875 
r  =  thickness  of  the  sample 
I  =  length  of  the  sample 
p  =  density  of  the  sample 
s,.^  =  eiasdc  compliance  of  the  sample 

I:  is  assumed  in  (I)  that  the  elastic  compliance  values  of 
both  reduced  and  unreduced  layers  are  equal.  Work  by 
Hlissaide  :  3’  confirmed  this  aspect. 

B.  Determincdon  ofQ 

Tne  sharpness  of  the  peak  in  the  impedance  cecuency 
spectrum  in  me  neighborhood  of  resonance  is  determined 
by  losses  in  the  material.  Near  the  resonance  the  dominant 
factor  may  be  related  to  the  mechanical  losses.  Hence  the 
mechanical  quality  factor  2  is  an  impoinant  parameter  to  be 
determined  in  the  characterization  of  resonating  systems;  it 
gives  an  idea  of  the  damping,  a  narrow  peak  surrounding/^ 
suggests  light  damping  and  \nce-versa  0  can  be  calculated 
from  the  minimum  impedance  Z*,  iat  resonance  as  follows 
L~j  ■ 

2  =  //  [  4rdc.,  -  c,) .  o;  -/;)  ■  iZv  i  I  (2) 

where  (Co  -  C.)  =  capacitance  measured  at  ftequency  well 
beiow  fundamental  resonance 

/o  .  f.  =  frequencies  corresponding  to  the  maximum  values 
of  resismnce  R  and  conducance  C  respecaveiy. 

As  evident  from  Fig.  1.  Q  (  calculated  from  (2)  )  decreases 
aim.ost  linearly  with  the  driving  field  over  the  2  kV/cm 
range.  This  behavior  can  be  attributed  to  the  increase  in 
the  losses  in  the  material. 

C.  Variaiion  off,  with  driving  voltage 

Fig.  2  shows  uhat  the  resonant  frequency/^  decreases  with 
increasing  elecrrc  field.  This  can  be  attributed  to  change  in 
the  elastic  properties  of  the  material  due  to  the  increasing 


driving  voluge.  increasing  losses  and  a  change  in  the 
effecuve  length  of  the  curved  RAINBOW  cantilever.  The 
curvature  of  the  RAINBOW  slightly  decreases  with 
increasing  magnitude  of  the  driving  voltage  resulting  in  a 
longer  effective  length.  Sif  of  the  R.AJNBOW  also  may 
increase  as  a  result  of  temperature  increase  due  to  Joule 
hearing  [3]. 

D.  Variation  of  tip  displacement  w  at  resonant  frequency 
with  driving  field 

Fig.  3  shows  the  variation  of  the  tip  displacement  of  the 
R-AINBOW  cantilever  with  increasing  driving  field  a: 
resonant  frequency.  Tne  tip  displacement  w  increases  in  a 
non-linear  manner  with  increasing  field.  The  lower  curve 
indicates  increasing  field  and  upper  curve  decreasing  field. 
A  59c  hysteresis  is  observed  and  the  slope  of  the  curve 
shows  a  monotonic  decrease  over  the  2  kV/cm  field  range. 
It  can  be  observed  that  w  is  as  high  as  0.6  mm  at  a  driving 
neid  siightjy  less  than  1  kV/cm.  This  confirms  the  high 
displacement  actuation  of  the  R.AJNBOW. 

£.  Variation  of  tip  displacement  w’  under  quasLsxaic 
conditions  with  driving  field 

.As  seen  from  Fig.  4.  the  quasistaric  tib  displacement  (at 
10  Hz;  increases  non-linearly  with  eieccric  field.  The  cur/e 
shows  hysteresis  and  the  slope  of  the  curve  mcnotonically 
decreases  with  increasing  field. 

F.  Signal  distortions 

WTiiie  raversing  the  frequency  range  100  Hz  to  1  kHz. 
small  ourout  signal  distonions  were  always  detecmhle. 
Significant  distortions  in  the  tip  dispiacement  signal  w  for 
a  sinusoidal  input  were  obse.'ved  for  frequencies  close  to  the 
frequencies 

fit  =  />/;■  (3) 

where  =  2.  3.  4  etc. 

This  may  be  due  to  the  presence  of  higher  harmonic 
components  which  may  grow  and  cause  significant 
distortions. 

rv*.  Discussion 

The  results  discussed  in  the  previous  sections  suggest  the 
presence  of  significant  non-linearities  in  the  R-AINBOW 
device.  Tnese  non-linearities  include  a  5  %  hysteresis  and  a 
change  in  the  slope  of  tip  displacement  versus  driving  field 
curve.  To  understand  the  origin  of  distortions  in  the  tip 
displacement  signal  w  of  the  RAINBOW  cantilevers  it  is 
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useful  to  analyze  the  constimtive  equations  of  bending 
vibrations  [5].  Externally  applied  voltage  produces  a 
bending  moment  in  bimorph  and  unimorph  cantilevers  [5]. 
Tnis  bending  moment  M  is  related  as 

iVf  «  d^i  /  (4-) 

Tnere  is  a  linear  relation  between  dj,  and  w  ’  and  between 
and/^-  [4],  Therefore  the  product  f*  given  by 

f  =  (/:>-)  .(yi'-)  (5) 

gives  an  idea  of  the  component  of  the  bending  moment 
produced  by  external  eiecnic  field.  If  F*  is  a  non-linear 
function  of  the  sinusoidal  driving  voltage,  the 
corresponding  excited  mechanical  vibrations  can  be 
expecad  to  have  higher  harmonic  components.  The 
variation  of  ~  as  a  function  of  the  driving  field  is  shown 
in  rig.  4.  It  is  evident  from  rig.  ~  that  f"  varies  non- 
lineariy  with  ±e  driving  fieid  especially  at  high  fields. 
Consequendy.  at  such  high  fields,  the  higher  harmonic 
components  in  displacement  w  may  grow  and  significant 
distortions  may  result. 

f 

V.  SCMM.XRY 

Tne  dynamic  performance  of  me  R-AINBOW  under  an 
eiecric  fieid  varying  in  amplitude  and  ttequency  has  been 
studied.  .-^s  discussed  in  the  earlier  secuons.  the 
measurements  of  various  pa-mmetem  like  mechanical 


displacement  (  under  both  quasistatic  condidons  and 
resonance),  electrical  impedance,  mechanical  quality'  factor 
•  and  resonant  frequency  indicate  significant  non-iinearides  in 
the  behavior  of  the  RAINBOW. 
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APPENDIX  7 


Structural-Property  Relations  in  a  Reduced  and  Internally  Biased 

Oxid^  Wafer  (RAINBOW)  Actuator  Material 

t  Catherine  Elissalde,*  L.  Eric  Cross,'  and  Clive  A.  Randall' 


Materials  Research  Laborator>',  The 

Reduced  and  internally  biased  oxide  wafer  (RAINBOW) 
actuators  are  fabricated  by  a  controlled  reduction  of 
Pb(Zr.Ti)0, -based  piezoeiectric  material.  The  reduction 
process  resuits  in  a  conductive  layer  composed  of  an  inter¬ 
connected  metallic  lead  phase  and  refractory  oxides  (ZrTiO^, 
ZrO..  La-0,,  etc.).  The  nature  of  the  reduction  is  discovered 
to  be  the  result  of  a  complex  volume  change  leading  to  a 
nanoscale  interconnected  metailic  structure.  The  distribu¬ 
tion  of  phases  within  the  cermet  vary  within  the  thickness 
of  the  wafer.  Within  the  piezoeiectric  ceramic  phase,  the 
reduction  process  modihes  the  grain-boundary  structure  to 
give  two  distinct  types  of  fracture:  transgranular  and  inter¬ 
granular.  The  complexed  microstructures  of  the  RAINBOW 
actuator  materials  are  discussed  in  relation  to  their  dielec¬ 
tric  and  piezoelectric  properties. 

I.  Introduction 

Recently,  there  has  been  a  continuous  effon  to  improve  'the 
performance  of  piezoelectric  materials  for  electromechani¬ 
cal  acmator  applications.  Novel  piezoelectric  structures,  such  as 
unimorph  or  bimorph  cantilevers  and  flextensional  composite 
strucmres  all  have  been  developed  to  produce  higher  strains 
than  the  basic  monolithic  materials. As  an  example,  the 
ceramic-metal  composite  actuator,  the  so-called  "Moonie."  is 
able  to  pro\  ide  large  displacements  and  generative  forces.-  '*  .A. 
new  type  of  monolithic  ceramic,  known  as  the  reduced  and 
internally  biased  oxide  wafer  (RAINBOW),  is  of  extreme  inter¬ 
est.  because  it  presents  the  advantage  of  a  wide  range  of  stress/ 
strain  characteristics.'  The  R.AINBOW  device  can  be  described 
as  a  monolithic  structure  with  a  piezoelectric  layer  (nonreduced) 
and  a  reduced  cermet  layer  (electrically  conductive);  a  cermet 
is  a  ceramic-metal  composite  material  often  used  for  mechani¬ 
cal  applications.  The  controlled  reduction  of  a  stoichiometric 
Pb(Zr.TiiO,  iPZT)  is  achieved  by  placing  the  bottom  surface  of 
the  ceramic  on  a  carbon  substrate  and  protecting  the  top  surface 
w  ith  a  ZrO;  plate.  The  RAINBOW  actuator  is  heated  at  high 
temperatures  and  cooled  to  room  temperature.  An  internal  radial 
stress  deselops  during  the  reduction  process  and  distorts  the 
wafer  to  the  domelike  structure  of  the  actuator.’  This  trans¬ 
formation  process  gives  the  RAINBOW  actuator  unique  elas- 
todielectric  propenies.  Our  objective  is  to  understand  the 
microstructure  of  the  RAINBOW  material,  with  relation  to  the 
electrical  and  mechanical  properties  of  the  two  phases  (reduced 
and  nonreduced). 
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II.  Experimental  Techniques 

Lead  lanthanum  zirconate  titanate-  (PLZT-)  based  R.AIN- 
BOW  ceramics  were  used  (Aura  Ceramics.  Inc.,  Minneapolis, 
MN).  The  composition  was  given  as  5.5/56/44,  in  terms  of  the 
respective  constituent  lanthanum/zirconium/titanium  ions. 

TTie  electromechanical  resonant  behavior  of  the  RAINBOW 
material  was  measured  using  an  impedance/gain  phase  analyzer 
(Model  HP4194A,  Hewlett-Packard  Co..  Palo  Alto.  CA)  in 
the  frequency  range  100  Hz-1  MHz.  Dielectric  measurements 
were  conducted  from  room  temperature  up  to  250°C  at  various* 
frequencies  using  a  multifrequency  inductance-capacitance- 
resistance  (LCR)  meter  (Model  HP4274A,  Hewlett-Packard). 
An  acoustic  microscope  (Sontex)  was  used  to  determine  longi¬ 
tudinal  and  transverse  sound  velocities  of  the  samples. 

Thermal  expansion  measurements  were  performed  from 
room  temperature  up  to  650°C  to  measure  the  thermal  strains.  A 
venical  push-rod  dilatometer  equipped  with  a  high-sensitivity 
linear  variable-differential  transformer  (LVDT)  was  used.* 
X-ray  diffractometry  (XRD)  analysis  was  conducted  for  phase 
identification  using  a  diffractometer  (Model  PAD  V.  Scintag, 
Inc..  Sunnyvale.  CA).  Scanning  and  transmission  electron 
microscopy  studies.  SEM  and  TEM.  respectively,  were  con¬ 
ducted  to  evaluate  the  microstructural  details  of  the  RAINBOW 
strucmres.  The  SEM  microscope  was  a  field-emission  model 
(Model  6300f.  JEOL.  Tokyo.  Japan),  and  a  scanning  tunneling 
electron  microscope  (STEM)  (Model  420.  Philips  Electronic 
Instruments.  Mahwah.  NJ)  operated  at  120  kV  was  used  for 
TEM.  The  TEM  samples  were  prepared  in  planar  and  cross- 
sectional  views.  The  samples  were  polished  to  a  thickness  of 
40  |i.m  and  then  mounted  on  3  mm  copper  grids  with  epoxy. 
Ion-beam  thinning  was  performed  on  a  dual  mill  (Gatan. 
Pleasanton.  CA)  at  4  kV  at  12°. 

III.  Results  and  Discussion 

(1)  Microstructural  Characterization 

Figure  1(a)  shows  a  typical  XRD  analysis  for  the  reduced 
layer  on  the  cermet  phase.  The  dominant  phase  was  identified 
as  metallic  lead;  the  presence  of  the  additional  oxide  materials, 
identified  as  La-O,— IPbO  and  ZrTiO,,  varies  throughout  the 
thickness  of  the  cermet  layer.  The  surface  in  contact  with  the 
unreduced  PLZT  still  contained  metallic  lead,  but  the  presence 
of  La-O, .  PbO.  and  ZrTiOj  are  more  prevalent,  as  shown  in 
Fig.  Kb).  The  metallic  phase  is  continuous  throughout  the 
cerme't  and  serves  as  one  of  the  electrode  contacts  to  pole  and 
drive  the  piezoelectric  phase.  The  gradient  of  phases  throughout 
the  thickness  of  the  cermet  also  is  reflected  in  the  spatial  varia¬ 
tion  of  the  resistance,  as  previously  reported  by  Haertling.'^ 
Thermal  expansion  measurements  of  the  unreduced  layer  and 
of  the  cermet  show  large  differences,  which  readily  could  be 
the  origin  of  radial  stress  on  cooling  to  form  the  dome  structure. 
The  thermal  expansion  coefficient  (a)  of  the  cermet  is  domi¬ 
nated  by  the  metallic  lead  to  give  =  8.4  X  10'*  °C’', 
whereas  the  corresponding  unreduced  PLZT  layer  is  only  44  X 
10“''  °C‘'.  The  thermal  expansion  coefficient  of  the  cermet  is 
lower  than  that  expected  for  pure  lead  metal  (29  X  10“'’  °C“'), 
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Fig.  1.  XRD  patterns  for  (a)  the  reduced  layer  and  ibi  a  different  thickness  region  of  the  cermet. 
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which  is  caused  somewhat  by  the  unreduced  oxide  inclusions 
but  predominantly  is  associated  with  the  interconnected  poros¬ 
ity.  which  is  discussed  below. 

Figures  Zial-le)  show  the  general  microstructural  character¬ 
istics  ot  the  cemiet  phase.  Figure  2faj  is  an  SEM  micrograph 
chat  show  s  the  pore  and  channel  structures  contained  within  the 
cermet:  these  pores  and  channels  have  cro.ss-sectional  diameters 


of  ~100  nm.  Figure'  2fb)  shows  the  equivalent  TEM  micro¬ 
graph  of  these  structures;  the  TEM  study  revealed  that  these 
channels  and  pores  are  real  features  distributed  homogeneously 
throughout  the  cermet  up  to  the  piezoelectric  interface.  .Addi¬ 
tionally.  the  channels  are  percolating  throughout  the  cermet 
with  a  3-3  connectivity.'"  The  size  of  the  oxide  phase  inclusions 
is  '-100  nm  (Fig.  2(c)).  Figure  2(d)  shows  a  Moire  fringe 


Fig.  a .  SEM  image  of  the  cermet:  ib)  TEM  planar  view  image  pf  the  cermet:  <c)  TEM  bright-tield  image  of  the  multiple  oxide  inclusions  within 
:he  rr.e;aii:c  lead  phase;  (d)  Moire  patterns  within  the  cermet  lead  crystallites;  and  (ej  selected-area  diffraction  photograph  of  the  cemiet.  showing 
nng  patterns  of  the  phases. 
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Table  I.  Comparison  between  Lattice  .Spacings 
Obtained  from  TEM  and  International  Centre  for 

Powder  Diffraction  Data  Files 

c^spaci^2 

TEM 

XRD 

ICPDD*  Card  No. 

ZrP.O.  3.59 

3.61 

34-415 

2.93 

2.93 

2.53 

2.516 

2.1 1 

2.15 

1.81 

1.806 

PbO  .-  3.87 

3.856 

26-577 

2.879 

2.872  . 

2.23 

2.235 

1.59 

1.584 

2.879 

2.872 

Lead  2.879 

2.855 

4-086 

2.49 

2.475 

I'nai  Centre  for  Powder  Diffraction  Data.  .Vewtowne  Square.  PA. 


pattern  contained  within  the  metallic  lead  crystallites.  Closer 
inspection  of  the  Moire  fringe  contrast  reveals  a  dislocation 
structure  associated  with  lattice  parameter  changes  and  very’ 
little  suggestion  of  lattice  rotation  as  the  source  of  the  intemd 
stresses.  Figure  2(e)  is  a  selected-area  diffraction  pattern 


revealing  ring  patterns  of  the  o.xide  phase  ZrTiO,.  The  system¬ 
atic  diffraction  rows  noted  in  Fig.  2(d)  are  associated  with  the 
larger  metallic  lead  crystallites.  The  obtained  lattice  spacings 
ore  compared  to  the  International  Centre  for  Diffraction  Data 
tN'ewtowne  Square.  PA)  files  for  these  different  phases  and 
listed  in  Table  1. 

Electron  micrographs  of  the  cross-sectional  region  between 
the  cermet  and  the  ceramic  are  shown  in  Figs.  3(a)-(d). 
Figure  3(a)  is  an  SE.M  micrograph  of  the  cermet/ceramic  inter¬ 
face.  .A  typical  bright-field  micrograph  of  the  interface  is  illus¬ 
trated  in  Fig.  3(b);  the  volume  reduction  of  the  cermet  phases, 
along  with  the  pores  and  channel  formation,  is  shown.  .No 
special  crystallographic  orientation  relationships  have  been 
found  in  this  study;  we  believe  this  is  the  result  of  the  textured 
lead-metal  crystallites  being  first  nucleated  and  grown  from 
the  random  orientation  of  the  piezoelectric  ceramic  grains. 
Figure  3(c)  shows  a  diffraction  pattern  from  the  piezoelectric 
grain;  the  elongated  spots  in  the  (110)  direction  are  typical 
of  the  ferroelectric  twin  structures  found  in  PZT  grains.'- 
From  the  microscopy,  it  is  clear  that  the  interface  between  the 
cermet  and  ceramic  is  relatively  uniform.  The  roughness  of 
the  interface,  being  only  over  a  few  grains  along  the  length  of 
the  cermet-ceramic,  is  represented  schematically  in  Fig.  3(d). 
Figure  4(a)  shows  that  there  are  two  regimes  within  the  perov- 
skite  oxide  resulting  from  the  reduction  process;  these  regions 
are  labeled  I  and  II  in  the  SEM  micrograph  of  a  fracmred 


Ausust  I  Srniniiral-Properry  Rclatwns  in  a  Reduced  and  Internally  Biased  Oxide  Wafer  iRAINBOV^d  Actuator  Material  2045 


Fig.  4.  SHM  micrographs  of  (a)  the  interrace,  showing  the  two  regions  e.\isting  « ithin  the  perovskite  o.\ide:  i  bi  fracture  of  region  I:  and  (c)  fracture 
of  region  II. 


cerrriet, ceramic  interface.  Region  I  reveals  transgranular  frac¬ 
ture.  whereas  region  II  reveals  intergranular  and  transgranular 
fracture  ca;  is  predominantly  intergranular.  .41so  observed  within 
the  grains  is  the  complex  ferroelastic  domain  structure  typical 
of  a  PZT  .-'erroelectric.'- 

The  difference  in  the  fracture  behavior  is  believed  to  be  the 
result  of  an  initial  modification  of  the  grain  boundaries  in  the 
form  of  lead  oxide  loss  and  reduction  from  the  grain  boundaries. 
The  process  is  the  first  stage  of  the  reduction  process,  with  the 
second  stage  being  the  full  reduction  of  the  PZT  grains  into 
the  cermet. 

The  microstructure  features  observed  above  account  for  the 
evolution  of  the  cermet  phase  in  the  reduction  process,  as  noted 
by  Haeniing.  ■  Figure  5  summarizes  the  general  features  of  the 
reduction  rrocessi  the  evolution  of  the  thickness  (.r)  versus 
reduction  time  u)  does  not  follow  the  ideal  parabolic  relation 
(.V  =  iD:  where  D  is  the  diffusion  coefficient).  The  micro¬ 

graphs  above,  with  the  volume  reduction  and  the  channel  for¬ 
mation.  could  account  for  this  departure.  The  chemical 
reduction  processes  also  are  listed.'' 

(2)  Physical  Properties 

In  our  previous  study  of  the  resonance  behavior  of 
R.AIXBC'''-'  materials,  we  modeled  the  impedance  data  assum¬ 
ing  similar  elastic  behavior  between  the  ceramic  and  cermet 
phases.  Considering  the  new  microstructural  evidence,  we 
reconsidered  this  basic  a.ssumption. 

The  dece.TTiination  of  the  fundamental  thickne.ss  mode  allows 
precise  measurement  of  the  elastic  stiffness  coefficient.  Cf;, 
using  the  following  relationship! 


w  here  .■  >  me  thickness  of  the  s.iniple,  f,  the  parallel  resonance 


frequency,  and  p  the  densitvc  Geometrically  determined  densi¬ 
ties  reveal  similar  values  for  sections  of  the  cermet  phase  and 
ceramic  phase;  p  =  7.5  X  lO'  kg  m"-.  This  similarity  is  a  direct 
consequence  of  the  porosity  contained  within  the  cermet  phase. 
The  obtained  €%  value  for  the  nonreduced  material  is  15.5  X 
10  N-m“'.  within  the  typical  range  expected  for  soft  PZT.''* 

For  the  RAINBOW  material,  this  value  is  only  Cfj  =  14.4  X 
10'  X-m'-.  By  varying  the  relative  thickness  of  the  piezoelec¬ 
tric  and  modeling  the  composite  elastic  stiffness  with  the  series 
mixing; 


1  _  fnr| 

{  ‘  1 

Ci:,,  tj 

where  is  the  piezoelectric  thickness.  the  cermet  thickness 
'  the  total  thickness  is  simpi\  the  sum  of  the  components;  i.e.. 
.•.  .  =  f..  —  C?;„r  the  piezoelectric  elastic  stiffness,  and 

Ct;  the  cermet  elastic  stiffness.  Then,  knowing  and 
'•  ar.  ing  r...  deduction  of  C%,.  is  possible.  An  average  value  of 
10.04  X  io"'  N-m'-  was  obtained.  Further  verification  of  the 
elastic  coefficients  was  obtained  from  acoustic  microscopy. 
.Acoustic  microscopy  allow  s  direct  determination  of  the  elastic 
coefficients  via  the  velocity  of  the  acoustic  wave  transmitted 
through  the  material.  .A  comparison  of  the  two  techniques  is 
presented  in  Table  II.  where  good  agreement  is  shown  between 
the^e  measurements.  A  reduction  in  stiffness  within  the  cermet 
structure  is  noted;  the  metallic  lead  and  interconnected  porous 
structure  account  for  this  result. 

.Additionally,  the  lateral  extensional  mode  of  the  RAINBOW 
cantilever  can  be  detemiined.  Figure  6  shows  the  resonant 
freauencv'  versus  inverse  width  1 1  uo  of  the  nonreduced  piezo¬ 
electric  cantilever  with  both  ends  free.  Under  these  boundary 
conditif'ns.  the  resonant  frequency  can  he  expressed  as 
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Pb  +1/2  0: 

C  -  0: 

CO: 

CO 

C  +  1/2  0: 

PbO  ^  CO 

Pb  +  CO: 

Fig.  5.  Schematic  representations  ot  the  general  features  involved  in  the  reduction  process  of  the  ceramic  to  the  R.\INBOW  material. 


Table  II.  Elastic  Stiffness  Constant  (Cfj)  Values 


Obtained  from  Resonance  Method  and  .-Vcoustic  Microscopy 


c% 

(X  10-"  Nm--) 

Technique 

Cirmei 

Piezoelectric 

Resonance 

10.04 

15.49 

.Acoustic  microscopy 

9.93 

15.52 

where  u  is  the  width  of  the  piezoelectric  sample,  p  the  density, 
and  Ci;  is  the  effective  elastic  constant  where 


(4.) 


5f,  is  the  elastic  compliance,  and  o-  is  the  Poisson  ratio.  From 
Fig.  6.  we  can  obtain  Cf,f  =  8.63  X  10'“  N-m*’.  Also,  via  the 
bending  mode,  the  scan  is  obtained  directly:'^ 


/r  = 


1.0279 


(5; 


where  L  is  the  length  of  the  cantilever,  if,  was  determined  to  be 
13.36  X  10'  - N-m"’.  From  Eq.  (41.  cr  for  the  nonreduced  phase 


was  determined  to  be  0.366.  Such  a  value  is  in  good  agreement 
with  a  previous  reference'*  and  confirms  the  validity  of  the 
technique.  In  the  lateral  direction,  the  resonant  frequency  was 
independent  of  the  reduced  and  nonreduced  phase  thicknesses 
( Fig.  7). 

To  complete  this  characterization,  the  coefficient  d-^  of  the 
piezoelectric  element  was  determined.  From  the  resonance 
method,  the  d,,  value  obtained  was  - 150  X  lO”'-  C/N.  A  direct 
technique,  the  double-beam  laser  interferometer,  was  used  to 
verif>-  the  dj,  value. Under  an  alternating-current-  (ac-j  driven 
electric  field  along  the  polarization  direction  (E,),  the  sample 
deformation  and  the  strain  (S,)  are  measured. 

Through  the  converse  piezoelectric  effect: 


S,  (AI,/Z.,) 

£3  £ 


The  obtained  d,,  value  of  -141  X  lO"'"  C/N  is  in  good 
agreement  with  the  previous  value  deduced  from  the  resonance 
method.  Such  a  value  is  more  characteristic  of  a  hard  PZT  than 
that  e.xpected  for  the  soft  PZT  smdied.''*  This  lower  d,,  value 
can  be  explained  by  a  reduction  in  the  extrinsic  domain  wall 
contribution  to  d,,  in  the  soft  PLZT  due  to  the  high  transverse 
constraining  stress.'*  From  these  piezoelectric  resonance  mea¬ 
surements.  the  cermet  microstructure  clearly  influences  the  den¬ 
sity  and  elastic  stiffness  of  the  R.\INBOW  stmctures.  which,  in 
turn,  controls  the  resonant  modes. 
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Fig.  6.  Resonant  frequency  of  the  lateral  extensional  mode  versus 
inverse  width  i  nonreduced  phase). 
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Fig.  7.  Resonant  frequency  of  the  lateral  extensional  mode  versus  the 
nonreduced-layer-thicknessxermet-thickness  ratio. 
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Fig.  8.  Dielectric  constant  as  a  function  of  temperature  ft 
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I  ai  RAINBOW  material  and  (b)  the  nonreduced  phase. 
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Fig.  9.  Frequency  dependence  of  (a)  the  real  pan  of  the  permittivity,  e',  and  i  b  i  the  imaginary  part  of  the  permittivity,  e  '.  at  room  temperature. 
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Dielectric  measurements  have  been  performed  from  room 
temperature  up  to  250°C  for  nonreduced  PLZT  and  RAINBOW 
samples.  Figures  8(a)  and  (b)  show  the  corresponding  tempera¬ 
ture  dependence  of  the  dielectric  con.stant,  s',  at  different  fre¬ 
quencies.  It  is  interesting  to  note  that  removing  the  electrode  on 
the  reduced  face  of  the  RAINBOW  material  does  not  change 
the  obtained  results,  verifying  the  conductive  cermet  phase  to 
be  suitable  as  an  electrode  material.  The  Curie  temperature  is 
'ZOO'C  and  remains  the  same  when  the  frequency  increases. 
Such  a  result  is  in  agreement  with  a  nonrelaxor  such  as  PLZT 
and  corresponds  to  a  composition  similar  to  6I65/35,  which  is 
that  of  a  typical  soft  PZT.  The  dielectric  permittivity  of  the 
RAINBOW  material  shows  a  dispersion  typical  of  a  space 
rela.\ation  over  the  measured  temperature  range.  The  room- 
temperature  dielectric  behavior  shows  a  relaxation,  character¬ 
ized  by  a  simultaneous  maximum  of  the  imaginary  part  of  the 
permittivity,  e",  and  decrease  of  the  real  part  of  the  permittivity, 
e'.  (Figs.  9(a)  and  (b)).  The  microstrucrure  observed  in  Fig.  4(a) 
is  belies  ed  to  be  the  origin  of  this  space-charge  relaxation.  By 
systematically  polishing  away  the  cermet  layer  and  region  I 
and  making  impedance  measurements,  the  dielectric  response 
conlirms  this  hypothesis  on  each  combination  of  layers  (Fig.  9). 
The  physical  removal  of  region  I.  the  prereduced  grain- 
boundaiy  piezoelectric  region,  leaves  no  space-charge  polariza¬ 
tion  effects  at  room  temperature  in  region  II.  Therefore,  the 
differences  in  capacitance  and  resistance  from  these  mixed 
regions  give  the  space-charge  contribution.  The  relaxation 
obser.  ed  at  ~  1  kHz  depends  only  on  the  electrical  boundary 
conditions,  and  this  is  not  believed  to  be  the  result  of  the 
stress  inherent  in  the  RAINBOW  material.  This  last  effect  is 
considered  only  on  the  elastic  propenies. 

IV.  Summary  and  Conclusions 

A  structure-property  relationship  study  of  the  RAINBOW 
cermet-ceramic  has  revealed  new  insights  into  the  formation 
process,  the  microstructure,  and  electromechanical  properties. 
The  cermet  microstructure  consists  of  an  interconnected  metal¬ 
lic  lead  phase  and  an  interconnected  porous  structure,  with 
unreduced  oxides  ZrTi04  and  La.O-.  embedded  in  the  lead  metal 
matrix  as  inclusions.  The  cetmet/ceramic  interface  is  relatively 
sharp,  but  there  is  a  prereduction  of  the  grain-boundary  phase 
in  the  ceramic.  The  prereduction  modifies  the  grain  boundary, 
as  obsen  ed  in  the  fracture  propenies  of  the  ceramic.  The  pre- 
reduction  and  nonreduced  regimes  (regions  I  and  II)  in  the 
ceramic  create  a  space-charge  polarization. 


Physical  properties  that  determine  the  resonance  behavior, 
such  as  density  and  elastic  stiffness,  are  given  considera¬ 
tion  with  the  observed  microstructure.  Measurements  of  the 
elastic  stiffness  of  the  cermet  were  obtained  via  a  thickness 
resonance  mode  and  acoustic  microscopy  and  showed  excel¬ 
lent  agreement. 
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Determination  of  Young’s  modulus  of  the  reduced  layer  of  a  piezoelectric 
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The  reduced  and  internally  biased  oxide  wafer  (RAINBOW)  actuator,  a  new  type  of  monolithic 
piezoelectric  bending  device,  is  composed  of  a  reduced  electromechanically  passive  layer  and  an 
unreduced  piezoelectric  layer.  The  determination  of  the  elastic  properties  of  the  reduced  layer  is 
important  for  optimizing  actuator  performance.  In  this  paper,  an  analytical  expression  for  bending 
resonant  frequency  is  derived  for  the  cantilever  RAINBOW  actuator  by  using  composite  beam  ' 
theory'.  A  resonance  method  is  then  described  for  determining  Young’s  modulus  of  the  reduced 
layer  of  RAINBOW  actuator.  As  a  piezoelectric  bending  actuator.  RAINBOW  can  be  excited  by  its 
electromechanically  active  PZT  layer  without  using  any  external  excitation  method.  Young’s 
modulus  can  be  calculated  by  measuring  its  resonant  frequency,  sample  geometry,  and  densities  of 
component  parts.  For  comparison,  the  Young’s  modulus  is  also  determined  by  measuring  the 
resonant  frequency  of  a  completely  reduced  plate  with  an  external  acoustic  excitation  method.  The 
results  obtained  by  these  two  excitation  methods  show  good  agreement.  ©  1998  .American 
Institute  of  Physics.  [80021-8979(98)05010-5] 


I.  INTRODUCTION 

In  past  few  years,  there  has  been  a  considerable  research 
interest  in  developing  novel  materials  and  devices  for  elec¬ 
tromechanical  applications.'  Piezoelectric  ceramic  actuators 
convert  electrical  energy  into  mechanical  energy  via  the  in¬ 
verse  piezoelectric  ^effect,  while  piezoelectric  ceramic  sen¬ 
sors  conven  external  mechanical  energy  into  an  electric  sig¬ 
nal  via  the  direct  piezoelectric  effect.'  Due  to  these  unique 
electromechanical  properties,  together  with  some  other  ad¬ 
vantages  such  as  light  weight,  distributed  characteristics, 
high  coupling  factor,  quick  response,  low  energy  consump¬ 
tion  and  low  cost,  piezoelectric  or  electrostrictive  ceramic 
solid  state  actuators  are  receiving  much  attention  for  numer¬ 
ous  applications  including  micromachines,  acoustic  sensing, 
loud  speakers,  active  vibration  control,  etc.  The  most  typical 
piezoelectric  actuators  include  multilayer  stacks  with  internal 
electrodes,  bimorph/unimorph  benders  and  flextensional 
composite  actuators  “moonie”  and  “cymbal.”^"^  The  ad¬ 
vantages  of  the  multilayer  actuator  are  its  large  generative 
force  and  quick  response  speed.  But  small  displacement  and 
high  capacitance  make  them  impractical  for  certain  applica¬ 
tions.  Bimorph  or  unimorph  benders  can  be  used  in  the  cases 
where  large  displacement  is  desirable  and  low  force  can  be 
tolerable.  For  applications  where  intermediate  level  displace¬ 
ment  and  generative  force  are  required,  composite  actuator 
moonie  and  cymbal  can  be  applied.  However,  in  all  these 
actuators  reliability  is  always  a  concern.  Performance  degra¬ 
dation.  delamination,  as  well  as  fracture  are  usually  observed 
In  these  actuators  in  practical  applications  due  to  bonding  or 
structure  problems,  especially  when  under  high  field  and 


’’Electronic  mail:  qxw4@psu.edu 

'"Author  to  whom  correspondence  should  be  addressed. 

0021  -8979/98. 83(  1 0)/5358/6/S15.00 


long  time  periodical  driving.  .More  recently,  a  new  type  of 
monolithic  piezoelectric/electrostrictive  bending  actuator, 
namely  RAINBOW  (reduced  and  internally  biased  oxide  wa¬ 
fer)  device,  was  developed  by  Haenling*  in  Clemson  Univer¬ 
sity.  It  was  reported  that  the  RAINBOW  actuator  offers  some 
urtique  advantages  over  conventional  bimorph  and  unimorph 
acmators  such  as:  (i)  monolithic  composite  smicmre  provid¬ 
ing  good  reliability,  (ii)  large  axial  displacement  level  due  to 
its  domelike  configuration,  and  liii)  high  mechanical  strength 
due  to  the  existence  of  internal  compressive  pre-stresses. 

Since  the  appearance  of  the  RAINBOW  actuator,  con¬ 
siderable  research  work  has  been  conduced  to  characterize 
the  electromechanical  properties  of  this  device.^"’**  It  is  be¬ 
lieved  that  the  reduced  layer  has  a  different  elastic  modulus 
with  the  active  piezoelectric  lead  zirconate  titanate  (PZT)  or 
lantanum  modified  lead  zirconate  titanate  (PLZT)  ceramic 
layer.  To  achieve  maximum  output  displacement  and  force 
level  from  the  RAINBOW  actuator,  a  suitable  thickness  ratio 
of  reduced  layer  and  PZT  or  PLZT  layer  has  to  be  designed 
and  fabricated,  which  in  turn  requires  the  determination  of 
the  elastic  modulus  of  the  reduced  layer  in  this  composite. 
However,  when  discussing  the  characteristics  of  RAINBOW 
acmators.  previous  works^  ‘°  simply  assumed  that  the  re¬ 
duced  layer  has  the  same  Young's  modulus  as  the  piezoelec¬ 
tric  PLZT  layer,  which  may  lead  to  inaccurate  results  in  ac- 
mator  design  and  fabrication. 

Several  methods  could  be  used  for  accurate  determina¬ 
tion  of  elastic  modulus.  One  is  ultrasonic  pulse-echo 
technique."  In  this  method,  an  ultrasonic  beam  is  generated 
by  a  transducer  which  is  attached  to  the  measured  materials. 
By  measuring  the  sound  velocity  in  the  medium,  the  elastic 
propenies  can  be  determined.  The  other  is  the  resonance 
method.  By  measuring  the  resonant  frequency,  elastic  prop¬ 
erties  can  be  calculated  because  resonant  frequency  is  related 
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(a)  (b)  (c) 


FIG.  I.  I  a)  Schematic  drawing  of  a  cantilever  RAINBOW  actuator;  (b) 
acmal  cross  section  of  RAINBOW  actuator,  (cj  transformed  cross  section. 


to  the  structure,  elastic  properties  and  dimensions  of  mate¬ 
rial.  For  direct  measurement  of  Young’s  modulus  of  the  re¬ 
duced  layer  of  a  thin  RAINBOW  actuator,  the  ultrasonic 
pulse-echo  method  may  have  some  technical  difficulties  due 
to  the  small  density  difference  between  the  reduced  layer  and 
remaining  piezoelectric  layer.  The  echo  reflected  from  the 
interface  between  these  two  layers  could  be  too  weak  to  mea¬ 
sure  precisely. 

In  this  paper,  the  resonance  method  is  used  to  determine 
the  Young's  modulus  of  the  reduced  layer  of  a  soft  PZT- 
based  thin  cantilever  RAINBOW  actuator.  Taking  into  ac¬ 
count  the  composite  beam  structure,  an  analytical  expression 
is  derived  for  the  bending  resonant  frequency.  Conveniently, 
the  R,AINBOW  actuator  can  be  driven  internally  due  to  its 
piezoelectric  nature.  Young’s  modulus  can  be  calculated  by 
measuring  its  resonant  frequency,  sample  geometry,  and  den¬ 
sities.  For  comparison,  the  Young's  modulus  is  also  deter¬ 
mined  by  measuring  the  resonant  frequency  of  a  completely 
reduced  plate  with  an  external  acoustic  excitation  method. 

II.  SENDING  RESONANT  FREQUENCY  OF 
CANTILEVER  RAINBOW  ACTUATOR 

The  structure  of  a  cantilevered  RAINBOW  actuator  is 
shown  schematically  in  Fig.  1(a).  Bending  deformation  oc¬ 
curs  during  the  reduction  process  in  the  RAINBOW  acmator 
due  to  a  thermal  expansion  coefficient  difference  between  the 
reduced  conductive  layer  and  the  remaining  PZT  or  PLZT 
layer,  which  generates  large  internal  stresses.  Therefore,  the 
structure  of  a  cantilever  RAINBOW  actuator  is  basically  a 
curved  composite  beam.  We  assume  that  the  thickness  of 
reduced  and  piezoelectric  layer  are  and  tp ,  respectively. 
The  transformed  section  model*^  is  used  to  redefine  the 
RAINBOW  structure. 

Figure  1(b)  shows  the  actual  cross  section  of  a  RAIN¬ 
BOW  actuator.  The  effect  of  electrodes  is  ignored  here  be¬ 
cause  their  thickness  is  much  less  than  or  tp .  The  trans¬ 
formed  section  method  for  the  composite  beam  allows  the 
width  of  the  beam  layers  to  be  proportioned  by  the  ratio  of 
their  Young's  modulus,  thereby  defining  the  entire  beam  as 
having  one  Young’s  modulus.  If  the  modulus  for  both  re¬ 
duced  layer  and  piezoelectric  layer  are  and  Ep ,  respec¬ 
tively.  the  transformed  width  of  the  reduced  layer  is  E^lEp 
of  its  original  width  as  shown  in  Fig.  1(c).  The  transformed 
structure  behaves  as  though  it  has  a  single  modulus  of  Ep . 


The  neutral  axis  of  the  transformed  RAINBOW  cross 
section  is  equal  to  the  moments  of  the  areas  of  the  trans¬ 
formed  layers  divided  by  the  total  cross-sectional  area‘^ 

{E,IEp)mXtJ2)^^tp{t~{tpll)\ 

”  (£,/£p)wt,-wf,  ’ 

where  n  is  the  position  of  the  transformed  neutral  axis  mea¬ 
sured  with  respect  to  the  bottom  of  the  reduced  layer.  Using 
the  parallel-axis  theorem,'^  the  area  moment  of  inertia  4  is 
calculated  for  each  layer  as  a  moment  of  inertia  plus  a  term 
relative  to  the  transformed  neutral  axis,  i.e., 

wt)  I  fri'  I  tp 

4=A  — +AwrJn- j)  ^ -jj  +  wf J  f,+ j-/i  I  , 


where  A=ErlEp,  the  equivalent  flexural  rigidity  of  the 
RAINBOW  actuator  is,  therefore.  £^4  -  ^nd  this  can  be  used 
in  Eq.  (3)  to  determine  the  namral  bending  resonance 
frequency, /,■ ,  for  a  beam  fixed  at  one  end  and  free  at  the 
other  (i.e.,  cantilever)  with  uniform  mass  per  unit  length  m 
and  the  length  L: 


Here.  Young’s  modulus  of  the  piezoelectric  layer  Ep  has  to 
be  used  because  the  reduced  layer  has  been  transformed  with 
respect  to  it.  X,-  is  the  eigenvalue  where  i  is  an  integer  that 
describes  the  resonance  mode  number;  for  the  first  mode, 
Xi==  1.875,  and  for  the  second  mode.  X2=4.69. 

For  the  uniform  cantilever  RAINBOW  structure,  the 
mass  per  unit  length  can  be  expressed  as  : 

m  =  w{tppp+trPr},  (4) 

where  pp  and  Pr  are  the  densities  of  piezoelectric  ceramic 
layer  and  reduced  layer. 

Substimting  Eq.  (1)  into  Eq.  (2).  we  have  Eq.  (5): 

Awtl  wtl  Awi,t,[t,-tpf 

Therefore,  for  the  first  bending  resonance  mode,  the  resonant 
frequency  can  be  expressed  as: 

3.52/  Ep  A  trip 

^^~2TTlA‘pPp  +  trPrl  [l2  '  12''’  4 

(l  )^1 

Assuming  the  Young’s  modulus  of  the  piezoelectric  layer, 
the  thickness  of  both  reduced  layer  and  piezoelectric  layer, 
and  materials  densities  are  known,  from  the  measured  bend¬ 
ing  resonance  frequency.  Young’s  modulus  of  the  reduced 
layer  can  be  calculated  using  Eq.  (6). 

As  a  special  case,  when  £=£^=£r,  p=pp=Pr  and  t 
=  tr-rtp,  Eq.  (6)  can  be  simplified  to: 

2.52ti  EV'^ 


4ir£2\3p 
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This  is  exactly  the  fundamental  bending  resonance  frequency 
for  a  cantilever  single  beam  structure  and  for  a  cantilever 
bimorph  actuator. 

III.  EXPERIMENT 

A.  Preparation  of  RAINBOW  actuator 

The  preparation  processing  for  the  RAINBOW  actuators 
is  similar  to  that  reported  by  Haenling.^  Commercial  Mo¬ 
torola  soft  PZT  3203  HD  (5H-type)  ceramics  were  purchased 
for  fabricating  the  RAINBOW  actuator.  The  rectangular  ce¬ 
ramic  block  was  cut  into  thin  plates  with  dimension  of  55.0 
mmX  15.0  mmx  1.01  mm.  After  cutting,  the  ceramic  plate 
was  placed  on  a  piece  of  high  density  flat  carbon  block  with 
ground  surface.  This  assembly  was  then  heated  to  975  °C 
with  a  heating  rate  of  300  °C  per  hour  in  a  furnace  at  normal 
air  atmosphere.  The  PZT  ceramic  plate  was  treated  at  a  tem¬ 
perature  of  975  °C  for  8  h  and  then  cooled  down  to  room 
temperanire  rapidly.  Here,  to  achieve  a  certain  reduced  layer 
thickness,  a  suitable  reduction  temperature  and  time  should 
be  chosen,  which  depend  on  material  properties  such  as  grain 
size,  density  and  chemical  nature.  The  reduction  of  the  PU 
ceramic  plate  occurs  as  a  result  of  oxidation  of  the  solid 
carbon  block.  As  a  consequence  of  this  heat  treatment,  an 
electrically  conducive  but  electromechanically  inert  layer 
with  black  color  was  formed.  Due  to  the  thermal  expansion 
mismatch  between  the  reduced  layer  and  the  PZT  layer,  large 
internal  stress  was  generated  in  the  the  ceramic  part,  which 
results  in  bending  deformation  of  ceramic  plate  after  cooling. 
A  very'  sharp  reduced  layer/PZT  interface  was  observed  by 
using  an  optical  microscope  and  the  thickness  of  the  reduced 
layer  and  PZT  layer,  r,.=0.42  mm.  tp=Q.60  mm,  are  mea¬ 
sured.  The  RAINBOW  actuator  was  then  electroded  by  sput¬ 
tering  gold  on  the  major  surfaces  and  poled  under  a  dc  field 
of  2.0  kV/mm  in  fluorinert  poling  oil  at  90  °C  for  1  min. 
.A.fter  poling,  it  was  observed  that  the  RAINBOW  actuator 
become  flatter,  indicating  that  the  internal  thermal  stress  was 
partially  released. 


Loud-speaker 


J  ^ 

R.-\rNBOW  actuator 
or  completely 
reduced  layer 


FIG.  1.  .Acoustic  excitation  for  resonant  frequency  measurement. 


bimorph  actuator  with  similar  dimension  was  prepared  by 
bonding  two  thin  PZT  plates  with  opposite  polarization  di¬ 
rections  (series  connection).  The  dimension  of  each  PZT  thin 
plate  is  60.0  mm  in  length,  6.68  mm  in  width  and  0.55  mm  in 
thickness.  The  thickness  of  silver  epoxy  bonding  layer  is  less 
than  10  /rm.  Thus  its  effect  can  be  ignored.  The  bending 
resonance  frequency  of  the  bimorph  actuator  was  also  ob¬ 
tained  through  the  impedance/phase  measurement.  Densities 
of  completely  reduced  samples  and  PZT  ceramic  samples 
were  measured  by  using  a  water  immersion  method. 

For  comparison,  the  Young's  modulus  of  the  reduced 
layer  was  also  determined  by  measuring  the  resonant  fre¬ 
quency  of  a  completely  reduced  thin  plate  with  the  external 
acoustic  excitation  method.  In  this  case  Eq.  (7)  was  used. 
The  experimental  setup  is  shown  in  Fig.  2.  A  variable- 
frequency  signal  generator  is  connected  to  a  small  loud¬ 
speaker  to  produce  a  mechanical  driving  vibration.  One  end 
of  the  sample  is  clamped.  An  optical  displacement  measure¬ 
ment  system  (MTI  2000  Fotonic  Sensor,  MTI  Instmment)  is 
used  to  detect  the  amplitude  of  vibration  of  the  cantilever.  A 
very  small  mirror,  made  by  spunering  thin  gold  film  on  a 
small  glass  piece,  is  attached  to  the  cantilever  tip  for  reflect¬ 
ing  the  incident  light  from  an  optic  probe.  A  lock-in  ampli¬ 
fier  iSR830  DSP,  Stanford  Research  System.  Inc.)  which 
synchronized  with  the  output  volmge  of  the  signal  generator 
is  used  to  measure  the  output  signal  from  the  MTI  sensor. 


B.  Measurement 

Usually  there  are  three  methods  that  may  be  used  to 
excite  the  thin  cantilever  stmcture  for  resonance 
measurement:'^  (1)  acoustic  excitation  using  a  loud-speaker; 

(2)  mechanical  excitation  using  a  piezoelectric  transducer; 

(3)  photothermal  excitation  using  a  laser  beam.  In  the  case  of 
resonance  measurement  of  the  RAINBOW  actuator,  due  to 
the  intrinsic  piezoelectric  activity  of  poled  PZT  ceramic 
layer,  when  the  electric  field  is  applied  on  the  PZT  layer, 
lateral  dimensional  change  will  be  induced.  However,  this 
dimensional  change  is  opposed  by  the  reduced  layer.  As  a 
consequence,  a  bending  vibration  is  generated.  As  in  any 
other  piezoelectric  resonator,  drastic  changes  of  both  electri¬ 
cal  impedance  and  phase  can  be  observed  at  bending  reso¬ 
nance.  Therefore,  the  resonant  frequency  of  the  RAINBOW 
actuator  can  be  obtained  through  impedance/phase  spectrum 
measurement  under  electric  field  excitation.  An  impedance/ 
gain  phase  analyzer  {Model  HP4194A,  Hewlett-Packard  Co., 
Palo  Alto.  C.A.)  was  used  for  resonant  measurement.  To  mea¬ 
sure  the  Young's  modulus  of  the  PZT  layer,  a  cantilever  PZT 


IV.  RESULTS  AND  DISCUSSION 

Densities  of  reduced  layer  and  PZT  ceramic  are  listed  in 
Table  I.  It  is  found  that  the  reduced  layer  has  a  higher  density 
than  PZT  ceramics.  The  density  change  is  due  to  the  loss  of 
oxygen  and  the  formation  of  heavy  metal  Pb  during  the  re¬ 
duction  processing.  X-ray  diffraction  analysis  indicated  that 
the  reduced  layer  is  a  mixture  of  metal  oxides  such  as  Zr02 
and  Ti02.  metal  Pb,  and  paniaily  reduced  PZT  ceramic 
phases.  Scanning  electron  microscopy  (SEM)  observation 
demonstrated  that  a  continuous  lead  metal  phase  is  located 


TABLE  I.  Physical  properties  of  piezoelectric  PZT-based  RAINBOW 
actuator. 


Density  of  PZT  layer 

Pp 

7.S89  g/mm’ 

Density  of  reduced  layer 

Pr 

8.013  g/mm^ 

Thickness  of  PZT  layer 

Ip 

0.60  mm 

Thickness  of  reduced  layer 

!r 

0.42  mm 

Young's  modulus  of  PZT 

Ep 

3.4X  10'°  N/m- 

Young  s  modulus  of  reduced  layer 

E. 

2.88  X  10'“  N/m- 

Frequency  (kHz) 

FIG.  3.  typical  electrical  impedance/phase  spectra  for  a  cantilever  piezoelectric  RAINBOW  actuator  with  dimension  of  £.=44.6  mm.  h'=6.31  mm,  f,=0.42 
mm,  and  tp=0.60  mm. 


intergranularly  around  the  oxide  phase  which  contributes  to 
the  metallic  conduction  behavior  of  the  reduced  layer.'®  The 
metal  phase  has  a  much  larger  thermal  expansion  coefficient 
than  FCT  ceramics.  When  cooled  down  to  room  temperature 
after  reduction,  large  thermal  stress  will  be  generated,  which 
causes  the  bending  curvature  of  RAINBOW  actuators.  How¬ 
ever.  this  residual  thermal  stress  can  be  partially  released  in 
the  poling  process.  Under  dc  electric  field,  feiroelectric  do¬ 
mains.  oriented  favorably  with  respect  to  poling  field,  grow 
in  size  at  the  expense  of  those  less  favorably  oriented.  Non- 
ISO®  domain  reorientation  will  cause  dimension  change.  As 
a  result,  there  is  a  small  expansion  along  the  poling  axis  and 
a  contraction  in  the  direction  perpendicular  to  the  poling 
axis.  This  domain  orientation  during  poling  will  tend  to  re¬ 
duce  elastic  energy  existing  in  the  sample.  Therefore,  the 
RAINBOW  acmator  become  flatter  after  poling. 

For  the  determination  of  the  bending  resonant  frequency 
of  the  cantilever  RAINBOW  actuatoh,  the  electrical  imped¬ 
ance  and  phase  spectra  of  pre-poled  and  electroded  RAIN¬ 
BOW  actuator  were  measured.  Figure  3  shows  a  typical  im¬ 
pedance  and  phase  spectrum  for  a  cantilever  piezoelectric 
RAINBOW  actuator  with  a  length  of  44.6  mm.  At  bending 
resonance,  according  to  the  electromechanical  coupling  in 
piezoelectric  materials,  the  electrical  impedance  reaches 
minimum,  which  can  be  read  out  directly  from  the  HP  im¬ 
pedance  analyzer.  After  the  determination  of  the  bending 
resonant  frequency,  the  Young’s  modulus  of  the  reduced 
layer  can  be  calculated  by  simply  using  Eq.  (6)  if  the 
Young's  modulus  of  the  PZT  ceramic  layer  and  the  thickness 
of  both  reduced  layer  and  PZT  layer  are  known.  The  thick¬ 
ness  of  the  reduced  layer  and  the  PZT  layer,  which  is  mea¬ 
sured  by  an  optical  microscope,  are  also  listed  in  Table  I. 
The  bending  resonant  frequency  of  the  bimorph  actuator  was 


also  measured  by  the  same  technique  for  the  determination 
of  Young’s  modulus  of  PZT  ceramics. 

To  reduced  errors  in  the  measurement  of  resonant  fre¬ 
quency,  several  RAINBOW  and  bimorph  actuators  with  dif¬ 
ferent  lengths  but  the  same  thickness  and  width  are  used  in 
the  measurement.  In  Eqs.  (6)  and  (7),  the  bending  resonant 
frequency  is  proportional  to  1/L': 

(8) 


by  plotting  the  bending  resonant  frequency  /,  against  Hi},  a 
straight  line  should  be  obtained  with  a  slope: 


3.52/  E,  At, t, 

2Tr\tpPp+trPrj  [  12  '  12"^  4 

Atr+tp  . 


(9) 


for  cantilever  RAINBOW  actuators,  or: 


.  -3.52r/  EpV'^ 
47r  \  3ppj 


(10) 


for  bimorph  actuators  so  that  the  Young’s  modulus  can  be 
calculated. 

The  bending  resonant  frequencies  /,  as  a  function  of  1/ 
for  both  cantilever  bimorph  and  RAINBOW  acmators  are 
depicted  in  Figs.  4  and  5,  respectively.  As  expected,  straight 
lines  are  obtained  in  both  cases.  The  Young’s  modulus  of 
PZT  ceramics  was  first  calculated  from  the  slope  of  Fig.  4. 
The  result  is  Ep=3AX  10‘®  N/m'.  This  value  and  the  slope 
obtained  from  Fig.  5  are  then  substituted  into  Eq.  (9),  and  A 
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1/L^  (m'^) 

FIG.  4.  Bending  resonant  frequency  /,  as  a  function  of  Ml}  for  biraorpb 
actuator  bimorph  thickness  r=l.l  mm,  width  w=6.68  mm. 

can  be  calculated  through  nonlinear  numerical  fitting.  The 
result  is  ,4=0.84739,  thus  the  Young’s  modulus  of  reduced 
layer  is  obtained:  £;.=2.88X  10*°  N/m^ 

The  value  of  Young’s  modulus  of  PZT  ceramic  thus  ob¬ 
tained  is  on  the  same  order  of  magnitude  but  lower  than  the 
data  provided  by  the  manufacturer,  which  is  £fi=6.2X  10*° 
N/m".*°  The  reason  for  this  may  be  due  to  the  difference 
measurement  technique.  It  was  found  that  if  we  substituted 
these  data  to  calculate  the  Young’s  modulus  of  the  reduced 
layer,  the  result  obtained  was  unreasonably  low.  For  com¬ 
parison  purposes,  a  completely  reduced  thin  sheet  w^  cut 
for  the  direct  measurement  of  Young’s  modulus.  A  small 
loud-speaker  was  used  as  an  external  acoustic  excitation 
source  for  the  determination  of  the  fundamental  bending 
resonant  frequency  of  a  cantilever  beam  made  from  this 
completely  reduced  plate.  In  Fig.  6(a),  the  vibrational  ampli¬ 
tude  and  phase  of  this  cantilever  beam  is  plotted  against  the 
driving  frequency  of  the  loud-speaker.  Its  bending  resonant 
frequency  can  be  determined,  which  corresponds  to  the  am- 
plimde  maximum  of  the  cantilever  vibration.  Fig.  6(b)  shows 
the  plot  of  resonant  frequency  against  Hi}.  From  the  slope, 
the  Young’s  modulus  of  this  reduced  sheet  can  be  deter¬ 
mined  by  Eq.  (6).  The  result  is  Er=2.9%y.  10*°  N/m^  which 
is  in  good  agreement  with  the  calculated  value,  indicating 


t/L^  (m’’) 

FIG.  5.  Bending  resonant  frequency  /,  of  RAINBOW  acmators  as  a  func¬ 
tion  of  MLr  for  Young’s  modulus  determination:  /,.=0.42  mm.  fp=0.60  mm. 
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FIG.  6.  (a)  Frequency  spectra  of  displacement  amplitude  and  phase  for  a 
completely  reduced  cantilever  (driving  source:  louder  speaker);  (b)  bending 
resonant  frequency  /,  as  a  function  of  I /I,  ’  for  a  completely  reduced  can¬ 
tilever  sample,  w=9.8  mm,  t=0.42  mm. 

that  the  calculated  value  is  valid.  The  small  difference  may 
be  accounted  for  by  the  fact  that  the  reduced  layer  in  a 
RAINBOW  acmator  is  subjected  to  internal  stress,  while  the 
completely  reduced  sample  is  free  of  internal  stress.  The 
measuremental  error  is  another  possible  reason. 

On  the  other  hand,  because  the  RAINBOW  actuator  can 
be  regarded  as  two  different  layers  bonded  mechanically  in 
parallel  to  the  length  direction.  The  Young’s  modulus  of  the 
whole  composite  beam  structure  along  the  length  can  be  rep¬ 
resented  by  the  empirical  mixing  rule:*^ 

Ei.tc  =  Eptp  +  Ertry  (1^) 

where  E^  and  are  the  effective  Young’s  modulus  and  total 
thickness 'of  composite  beam.  We  can  calculate  E^  by  Eq. 
(10)  using  the  slope  of  Fig.  5  and  the  density  of  composite 
Pc,  which  is  obtained  by  Pctc=Prtr+Pptp-  The  result  is 
£<.=3.125X  10*°  N/m^.  Substituting  this  result  into  Eq.  (11), 
Er  can  be  calculated  as:  2.73  X  10*°  N/m",  which  agrees  quite 
well  with  the  value  calculated  by  Eq.  (9).  However,  it  is 
believed  that  Eq.  (9)  is  more  accurate  for  Young’s  modulus 
determination. 

The  accuracy  in  the  determination  of  Young’s  modulus 
depends  on  the  errors  introduced  in  the  measurements  of 
density,  thickness,  length  and  resolution  of  resonant  fre- 
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quency.  It  is  estimated  that  the  inaccuracy  is  less  than  10%. 
indicating  the  obtained  Young's  modulus  is  quite  reliable 
and  can  be  used  for  optimization  of  the  RAINBOW  actuator 

I  ^ 

performance. 

V.  CONCLUSION 

An  expression  relating  bending  resonant  frequency  with 
Young's  modulus  of  a  RAINBOW  structure  is  derived  using 
composite  beam  theory.  The  Young’s  modulus  of  the  re¬ 
duced  layer  of  the  RAINBOW  actuator  is  then  determined  by 
the  bending  resonant  frequency  measurements  through  both 
piezoelectric  and  external  acoustic  excitation  methods.  The 
results  obtained  by  these  two  methods  showed  good  agree¬ 
ment.  Compared  with  PZT  ceramics,  the  reduced  layer  has  a 
lower  Young’s  modulus,  which  is  probably  due  to  the  pres¬ 
ence  of  metal  Pb  phase  in  the  reduced  layer  and  relative 
loose  structure  after  the  high  temperature  reduction  process. 
The  electrical  impedance/phase  measurement  technique  has 
been  shown  to  be  a  reliable  nondestructive  method  for  the 
Young's  modulus  determination. 
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A  pteooelecric  faimorph  tnnsducer  utilizing  piszoelscodu  Ujj  coefncicnt  was  developed.  This 
fainr.oroh  consists  of  piezoelecoic  segments  bonded  by  n  polynceric  agent  and  was  fabricated  by  a 
dicing  and  layering  tec.hnique.  Tne  ransducer  has  superior  piezceiecric  characteristics  compared  to 
smndard  piezoelectric  bunorphs.  Piezoeleooric  coefrioients.  eieoaical  admittance,  mechanical 
compliance,  and  losses  of  the  icmaior  were  found  to  increase  widi  increasing  driving  eiercic  neid. 
S  1996  American  Institute  of  Physics.  [S0003-695l(96iiC-iC-iC-f  1 


Fiezoeiecric  bimorph  acaiators  have  been  known  for 
many  years  ‘  and  are  widely  used  for  efndeat  interconversion 
of  eieorical  and  mechanical  energy.  .A.  rmcal  piezoelecmic 
bimorph  ransdacer  consists  of  two  similar  piezoeiecnric 
piates  poied  along  dieir  tfaidaess  fZ  axis)  and  adhesively 
bonded  togemer  i^g.  1):  in  the  case  of  a  piezcelecaic'meal 
bimcrph  a  metal  piate  is  replaced  for  one  of  me  piezoelectric 
piates.  Insmac  of  a  “piezoeieccicmemi  bimorph”  notatioii. 
we  will  use  ”unimcrph”  in  the  sense  mat  iis  type  of  bi- 
mcrph  has  oniy  one  piezceiecric  plaa.  Ceariy.  the  denuraJ 
■zispiaaemen:  in  mis  acraator  is  caused  by  me  piezceiecric 
effec:  i.6yjir.  me  zireczon  perpendicuicr  :o  me  polar  P  a.'tis. 
The  smric  rp  dispiacemen:  tj  me  coresponding  bicci±ig 
'orcTs  zf  3iszc«i«ciric  cnztiisvjz 


*  si  q 


.*h2rz  ^  zizzztitzziz  ccinic:sr.z  s";  :s  z:s  rnsenem- 
ai  compliance  iz  me  direcdon  X  under  me  ccnsmnt  eiecric 
eid.  and  £.  L  w.  and  :  are  the  -dimerjicns  c:  me  cannievsr 
~.g.  I).  Mec.hanica;  stress  Tx  arising  in  me  unloaded  piezo- 
iecmic  candiev-r  uader  die  acoiied  eieeme  feid  is  directed 


rommermai  piezceiecric  bimorph  acmators  are  usually 
:  from  soft  ?ZT  ceramics  widi  ±e  ccmccsidon  near  the 
hocropic  p.hase  bou.ndary.  For  these  sc.r.positions.  pi- 
ecric  coefzrlen:  djj  along  the  polar  itis  and  cerre- 
aing  coupiiag  factor  ky^  are  2-22  zmes  larger  than 
nd  -<3! .  Sesziss  of  the  erect  of  the  r.ec.harical  stress  on 
eiecric  properdes  of  the  ceramics  aiso  show  diat  piezo- 
-Ic  coeff.cien:  is  much  less  sensitive  :o  ±e  compres- 

smess  T-j  aieng  d:e  polar  axis  dtan  ccefzcient  dyi  is  to 
omaressiv-  sress  7]  pemendicuiar  to  die  polar  axis.* 

.  rte  piezceiecric  bimorph  acraator  utilizing  coefii- 
can  be  e.xpected  to  have  superior  characteristics  cotn- 
,  :o  a  smndard  d,|-type  bimcrph  transducer, 
n  this  '.erer.  we  .--pert  on  a  novel  type  of  piezceiecric 
rpix  and  ur.imcrph  in  which  the  pieaceiecric  effect 

rn;:;;;  vr.i;r5:suvm.psu.eii 


along  me  polar  axis  is  used  to  genemte  fle.xural  displace- 
mena  A  sche.maric  view  of  the  deveioped  caterpillar-type 
dyy  unimorph  is  shown  in  Fig.  1  Fma  ng.  2  it  is  clear  rHar, 
■when  me  piezoeiectric  plate  ahanges  its  lengdi  under  ±e  ap¬ 
plied  voltage  V,  it  causes  bending  of  me  cantilever.  Unlike  in 
me  smndard  dji-cype  bimorph  icruator  (Fig.  1).  the  beading 
moment  in  mese  ransducers  is  mused  by  piezoeiecric  ^33 
caefiiciena  To  fabricaa  ±e  d^y  bimorph  the  mend  piare  is 
replaced  by  an  identical  piezoeieezi:  piate.  In  this  case  the 
•driving  vcimge  is  appiied  in  such  a  way  mat  mechanical 
strains  genemted  in  ±e  cop  and  ;czc.m  piezoeieerte  piates 
zav-  epposire  signs. 

The  e.xperimenmi  process  odcotsd  for  fabricating  the 
dyy-ryzs  ransducer  is  described  beiew,  Inidally.  a  smc.k  of 
similar  piezoeiecric  eiecrscsd  rimes  poled  along  their 
micimess  is  fabricated.  .Aejaesn:  oiams  have  opposite  direc- 
dazs  of  spor.mneous  polarizancn  P.  Tie  plates  art  bonded  to 
each  cmer  by  a  ver/  thin  layer  of  oonduenve  polymer.  Then 
me  stack  is  sliced  by  ctar.s  of  o  diamond  saw  in  the  plane 
paraiie;  m  me  direcdon  of  3ponm.*.ecus  polariradon.  To  fab¬ 
ricate  a  unimorph  ransducer.  me  sliced  slate  is  giued  to  a 
memi  subszrate  (see  Fg.  21.  Conduodng  elecroces  are  de- 
pcsired  on  me  surface  of  ±e  piezoeiecmc  plate  in  such  a  way 
ma:  vcimge  V  appiied  to  mese  tiecrodes  produces  die  same 
piezoeiecric  srain  (posidve  or  nesadve)  in  each  of  die  pi- 
ezoeiecoric  segments  conprisizg  dds  piate.  To  ma.ke  a  <^33 
bimorph.  a  .memi  piate  is  replaced  by  m  identical  piezoeiec- 
mic  plate.  It  is  impormn:  to  note  dm:  me  conduedve  polymer 
serves  not  oniy  for  eiecric  conneedns.  but  also  for  improv- 
inr  fraemre  louzhness.  Tnerefcre.  me  ransducer  deveioped 


..0 


“C.  :.  Bitr.zrar.  jiezueiecnc  J,,  eUmem  wiCl  S4.".;s  connection.  The  vec- 
:r  or  :re  loonotneous  polarzoaun  P  i:>  JirtctcU  ciong  the  Z  itis. 
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.  A  scosolinc  view  of  the  auerBilhr-type  f;j  imimorph  acsiator.  In 
le  of  s.  our.croh  consisnog  of  two  sasiisr  nezoeieesre  places,  the 
;iau  is  repiassd  for  the  ame  pieKeiser^  ;hte 
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C2S  sustiis  2.  z:uch  larsE'  bendin?  fore:  'Aimou:  mechanical 


In  cur  e.'cnerlmenK  we  used  son  piscoelecric  ceramics 
PKI550  (riero  r<L".sdc.  Inc.)  and  sairisss  sasi  SS302.  The 
ceramic  riares  in  the  stack  were  bonded  using  commercial 
concuctiva  adhesives  HP217DCS  (Masar  Bond-  Inc.) 
nnd  H-3older  3025  (Lnsulanng  .Maahais.  Inc.).  J-B  Weld 
eco.'cy  '7-3  “'eid  Company)  was  used  far  bonding  meal 
and  aiiced  ceramic  piates.  Each  piecoeieeme  segment  in  the 
pienceiecmic  piates  (Fig.  2)  bad  he  fauowing  dimensions: 
:;  =  .r;='1.29  .Tcr..  >v»ll  mm.  SedrJess  steei  piates  had 
dticknesses.  :«  =  0.25.  0.29.  and  0..'T  rm.  For  comparison. 
sandard  d!--r/pe  bimorpns  and  'm:.T.::pds  of  identical  di- 
mensiens  ••v*rs  also  fabneated. 

Tc  characariae  die  rmsducer  developed,  the  following 
parameters  c:  mese  transducers  in  he  laaalever  conngura- 
den  ■  .•■=25.2  .mm,.’,  w-.-e  measured:  >i:  displacement  77  of  me 
free  end;  (ii.  aiocic.'ig  force  .“jj.  me  iii;  eiecmcal  admit¬ 
tance  as  a  fan  cdofi  of  me  acoiied  eieeme  ceid.  .All  measure¬ 
ments  ware  acne  a:  a  frecuenev  ::  ICC  i-ic  which  is  sreativ 
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5IC.  -i.  The  Capeadeaes  of  dsoiaceaear  isd  blocking  foree  for  uaiiaorphs 
oa  ms  sissrts  acid.  The  dticksss  sf  ee  seul  plate  is  0J7  rarp.  lie 
mesicaess  of  '.ae  dj,  bimorph  is  /wl.09  eeu 


‘neiow  i  IvKn)  the  first  msonan:  mecuenev  of  the  bendins 


ranons. 

The  displacement  and  biccim 
i  -animerphs  are  shown  m  Fs. 
ST  ma:  me  cisoiacement  of  me 


times  '.arger  than  mat  of  me  s); 
fzrzs  is  about  Im  umes  larger.  Ai: 
me  i33  •ara.moiph  is  smaller  ma; 
d3-  cimerrh.  it  is  aocroximamiv 


mg  force  (rms)  for  bimerphs 
3  and  A.  respeedveiy.  It  is 
:e  133  bimorph  is  about  2.5 
;  bimorph  and  the  blocking 
Imough  the  displacement  of 
an  me  displacement  of  the 
y  1.3  times  mat  of  the  d^i 
'  C33  ucimorphs  'is  about  2.0 
7cus.  the  developed  a  33  bi- 


imcrp.h.,Tne  blocking  force  ::  C33  unimorphs  'is  about  2.0 
ce.s  dta:  of  die  dj,  utiznerzh.  Teas,  the  developed  a’tj  bi- 
:rph  and  unimorph  acrcatcrs  cave  supedor  pienoeiecmic 
characteristics  compared  to  these  cf  a’;]  acmaton.  Reiadve 
aractertsdes  of  the  above  .necdcced  tnmsducers  for  a  low 
icric  neid  (~I0  V/cm)  a^e  r.ven  in  Table  I. 

There  is  clearly  an  optima;  mdo  r^/f;  for  unimorphs 
1:  gtv-s  .maximum  dispiacemtci'^  cquadon  (11  for  uni- 
:rmhs  can  be  wntten  I'thorcush  umivsis  will  be  siven  else- 


cnaractertshcs  or  me  aoeve  .mecn: 
elecmic  neid  (~I0  V/cm)  2n  give; 

There  is  clearly  an  optima;  r 
ma:  rtv-s  .maximum  disoiacemtei 


rm.ns  can  oe  wntten  1  morcus.-.  a* 


T.A.2I.i  -  P.eisave  e.'iaraaensBcs  of  'prous  wees  of  trsnsduces. 
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of  divplMiBsni  :nc  bit'cxinj  force  for  bimorpns 
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wr.ir^  E-  ^''•\  •  **  Young's  modulus  of  the  meal 

„!-.r^  ind  s^.-  :s  uhe  mechanicoJ  comoiionci  of  ceramics  in 

j*4-**»*  ^ 

:he  c:rec::on  of  ±e  polar  ixis.  For  bimcrph  cantilevers  the 
coeff.cier.ts  and  k^f  in  Eq.  (2)  are  equal  to  1.  Pneoreacal 
values  of  kj  zr.c.  k^j-  and  corresponding  enperlmental  data 
obtained  from  me  comparison  of  displacements  and  blocking 
forces  of  die  C;;.  bimorph  and  unimorpns  are  given  in  Ftg.  5. 
A  reiarively  large  difference  benvesn  the  theoretically  de¬ 
rived  and  encerimentally  observed  values  for  the  blocking 
force  can  be  anribuKd  to  the  effect  of  the  bonding  layer  (Fig. 
25  whose  diickness  has  been  negiecad  in  die  dieoretical  cal- 
cularions. 

I  A  close  analysis  of  ±e  dtspiacemena  blocking  force 
I'rigs.  2  and  el  'oy  means  of  Eqs.  (1;  and  fl).  and  eiecricai 
imnedance  of  die  acniators  snidied  shows  mat  piezoelecmic. 
mecrianicai.  and  dieiecric  properdis  of  die  ransducers  fab¬ 
ricated  from  sof:  pieaoeiecric  cemmics  depend  anon  dae 
masnirude  of  d:e  eiecric  neid  (Ftg.  6).  aiso  found  dm: 
the  imaginary  parts  of  dij.  d-.'..  rf, .  jf.  and  die  eiectricai 
adminance  increase  win:  increasing  eiicrl:  .neid  (thorough 
anaiysts  ••vill  riven  elsewhere'.  Cemiy!  die  relative  dis- 
piaaemen:  is  rropcrdonal  to  die  pienceiecr.c  csemcient  d 
and  dte  'oicci'dng  force  is  propordorai ::  die  mdo  d/s  where 
;  is  dte  m.echanicai  contpiianc:  of  ±e  whole  ranscuoer. 
From  F.g.  o  i:  can  'oe  seen  diat  die  increase  in  c?:  and  s  widi 
increasing  eiectrio  .neid  is  mere  dian  ma:  in  d\<  and 
rf; .  According  :c  known  resaiu*  die  nerdinear  behavicr  of 
ceramics  has  an  entrinsic  narcre.  he.,  it  is  caused  'oy 
to  main  wail  nr.d  interphase  interiace  .medon.  In  a  bimorph 
nansducer.  r.vo  factc”  can  affect  die  'rehavicr  o:  pieaceiec- 
ric  ccemcients  under  an  e.ntem.ai  eiecrc  .neid.  Pne  hrst  one 
3  an  increase  in  me  ctecoetecmic  ccefnnents  wipi  increasins 
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etectrtc  neta.*  itie  seconc  one  :s  tne  erfect  of  the  intemai 
id’ess  mat  enists  in  die  bimetph  e'.en  without  die  external 
lead-  It  is  known  that  die  decrease  in  Cj;  due  to  dte  smess 
P;  is  much  greater  than  dte  deertnse  ia  d-.^  due  to 
Tnerefcre.  i:  is  rensonnbie  to  e-nnsn  dtn:  dte  enhancement  of 
dte  itspiaoeme.n:  of  the  dtj  'oimenth  mder  the  eiecmo  acid- 
'-via  ce  larger  mnn  diat  of  dte  cj;  bimorph:  this  is  consistent 
wnm  me  e-naertmental  enm  Fig.  o).  The  same  two  factors 
aisa  art act  me  mecnanicnl  ccmpucnces  and  dielecmc  oemait- 
ttvtnes;  m  aaataon.  the  cond'ucdve  poiymjr  causes  mechani- 
cai  "scfteniag”  of  d--  acruaters  ts  weiL 

un  summary,  we  have  ceveiep-d  and  studied  in  signifi¬ 
cant  aetau  a  novel  typ*  of  pienoeiicctc  bimorph  mansducer 
uisec  on  me  pienoeieeme  d-.^  ccifnoiena  Superior  pieao- 
itccTrta  c.naraateristics  compared  to  pienoeiectric  d'.i  binior- 
phs  were  cemined.  Pienoeieeme  cceinrients.  ciecstcal  ad¬ 
mittance.  mechcnicci  contpilnnce.  and  losses  of  the  acruaxor 
increase  with  increasing  driring  eiemte  neid. 

■Pnis  work  was  supported  by  he  Cfnce  of  Naval  Re¬ 
search  and  under  Contract  .Vo.  NCCOL-t-?*i-l-ll-tO. 
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Characteristics  of  cantilever  shear  mode 
•ffocleciric  actuator  have  been  investigated.  In  this 
J^ator  configuration,  soft  PZT  ceramic  plate  was  poled 
along  length  and  driven  across  its  thickness,  with  one  end 
mechanitily  clamped  and  the  other  free.  Experimental 
f^oits  indicated  that  relative  large  dp  displacement  can 
l,e  obtained  through  nonlinear  piezoeiecmc  response  at 
driving  field.  Due  to  lateral  shear  forte,  mechanical 
beading  also  contributes  to  the  tip  displacement  of  shear 
node  actuator.  The  fundamental  bending  resonant 
frequency  was  observed  in  the  frequency  range  from  150 
^  to  500  TT'g-  depending  on  thickness  and  length  of 
acmator.  We  also  found  that  the  resonant  frequency  of 
bending  vibration  is  dependent  on  the  driving  field 
because  of  elastic  nonlinearities.  Two  layer  and  multilayer 
shear  mode  actuators  were  also  developed  to  reduce  the 
Iriving  voltage,  while  shifting  the  bending  resonance  to 
ugaer  frequeucy  range  by  increasing  the  total  thickness 
if  actuator. 

Cey  words:  PZT.  Ceramic  acmator.  Shear  rods 
L  Introduction 

Pieaoeiecrtc  cemmic  materris  suci:  as  lead 
ircoaaie  titarate  (PZT)  have  beea  der.gasd  as  solid-state 
aaatora  ard  sersers  for  many  acpiicaaors  such  os  precision 
Kidcnirg  .  seise  and  vibration  se.tsiag  and  cancellation, 
uder  speaker.  Linear  motor,  and  mam'  ether  ’’I  The  three 
ost  caramon  types  of  piezoeiecaac  acraarrs  are  multiiayer 
:ramic  acraamrs.  bimorph  or  unimotph  actuarars  and 
aaermcnal  composite  actuators.  Muidiayer  actuators,  in 
licii  about  100  min  ceramic  sheets  arc  sucked  togedier  with 
teraai  eiemrodes  utilizing  the  direct  saeationai  mode  (d^ 
Kle).  ate  characterized  by  large  geaeraad  force,  high 
mrcmechanicai  coupling,  high  resonant  5equenc/.  low 
iving  voltage  and  quick  response  but  sard  displacement 
•el.  On  the  ctrer  hand,  bimorph  or  uaimotph  actuators 
asist  of  two  rbin  ceramic  sheets  or  one  ceramic  and  one 
:tal  sheet  bcurded  toge±er  with  the  poling  and  driving 
ectiens  normal  to  the  internee.  When  driving,  the 
imadve  extension  and  shrinkage  of  ceramic  sheets  due  to 
nsverse  mode  (dr,)  result  in  a  pure  bending  vibration, 
norph  and  uni.morph  acniators  can  geaenue  large 
placement  Ir/ei  bur  low  elecao-mecimical  coupling,  low 


resonant  frequency  and  low  drr.ing  force.  For  fIe.\-rensionaI 
composite  actuator,  two  apical  examples  are  so^nlled 
“moonie*  and  "cymbal"  acamers  which  consist  of  a 
piezoelectric  or  dectrosnich-e  czamic  disk  and  memJ  end- 
caps.  The  ceramic  is  exciied  in  an  extensionai  mode  and  the 
metnl  caps  in  a  f  enire  mods.  The  metal  end-caps  act  as  a 
mechanical  transformer  cssvzting  and  amplifying  the  radial 
displacement  ceramic  disk  inm  linear  xdai  motion.  Very 
large  efTeoive  djs  coemceai  can  be  obtained  in  "moonie" 
and  "cymbal"  acariors  which  resairs  in  quire  large 
displacement  Ic’/els. 

Monomorph  acaarr  basically  a  modified 
unimerph  actuator,  mac:  fiom  a  semiconducuve 
piezaeleczic  cemmic  thin  sheet  coated  with  certain 
eieemades.  Quite  a  large  a?  cispiacement  (lOOum)  arises 
firm  me  non-uniform  dismrnicn  of  the  deczic  field  which 
ocarrs  at  semiconcuctor-reri  eiecrode  interface.  The 
mcncmcrph  acmator  has  a  hzpis  ssuenne  in  which  bonding 
pracieans  usually  found  in  unizorph  or  bimorph  smicrare  can 
be  avoided.  A  more  reem:  erhee.  Rainbow  acmator. 
cs'/eieped  by  Kaertling'*'.  is  dso  a  monolithic  unimorph-cype 
ceramic  actuator  which  is  crccred  by  sdecavdy  reducing 
one  surmce  of  a  PLZT  cemm:  Ti-aer  on  carbon  black  at  high 
temperamre.  The  reduced  layer  is  a  good  elecatcal  concucrer 
and  it  acts  as  both  the  eiecacces  and  inert  pan  of  the 
acmamr.  There  is  a  ven  large  iateraai  pre-stress  dr/eieped 
in  the  Rainbow  acaiamr  dunag  .■educing  processing.  It  -was 
repotted '  ’’  that  Rainbow  ammer  is  capable  of  achieving  very 
high  a.'dal  displacement  (>1CC0  am)  and  sustaining  modemre 
press'ures. 

Cbviously,  mec.Taa;(mi  motion  generated  by  all  the 
above  ceramic  actuators  uiiiiaes  ar  is  related  to  either  dss 
longitudinai  mode  or  dji  ttmavene  mode.  It  is  interesang  to 
note  that  although  the  di  which  couples  to  the  shear  mode  is 
die  highest  coeficieat  in  soil  PZT  ceramic  marerfals. 
piezoelectric  shear  ribraion  mods  is  seldom  used  in  acmator 
and  transducer  applications.  In  this  paper,  cantilever  shear 
mode  acmator  and  its  ciaracerriics  will  be  presented.  In  this 
acmator.  ceramic  plate  is  mien  along  length  and  driven 
across  its  thickness  with  one  end  clamped  and  the  other  end 
free.  The  advantage  of  canti!e^-:r  shear  mode  actuator  is  its 
simple,  monolithic  stnienu?  which  allows  for  easy 
fabrioation.  However,  its  dispiccement  level  is  relatively  low 
compariag  with  bimorph  or  uaunorph  actuators. 


II.  E.xpcrimentaJ  Procedures 

(1)  Sample,  preparation  -. 

In  tins  snidy,  Soft  PZT  3203HD  (Motorola  Ceramic 
Pnxiuct.  .'Mfcuquerque,  Ne^v  Mexico)  ceramic  material  was 
used  to  prerare  shear  mode  actuator.  Rectangular  ceramic 
block  with  dimensions  of  38.1  mm  x  38.1  mm  .\  25.4  mm 
-was  eiectroded  with  air-dry  silver  paste  and  poled  ai  a 
temperature  of  90°C  in  oil  bath  for  45  minute  under  dc 
eleciric  field  of  1.3  kV/mm  along  its  length.  After  poling,  the 
csramic  block  was  aged  for  more  than  one  week  at  room 
temceranire.  Then  djs  coefBdent  was  measured  by  using 
Beriincourt  dg  meter.  The  measured  value,  684  .x  10’‘“  m/V. 
comparing  wdih  650  x  10*'^  m/V  provided  by  manufecmrer 
ffa-m  sheet,  indicates  the  ceramic  block  was  well  poled.  Then 
the  stiver  electrodes  were  removed  and  the  poled  ceramic 
block  was  cat  into  thin  plates  wi±  38.1  mm  length,  12.3  mm 
width  and  fhtrVntKts  from  0.3  mm  to  1.6  mm.  Gold  electrodes 
were  sputtered  on  the  major  suiftices  for  applying  electric 
field  across  thickness.  One  end  of  cramic  plate  was  clamped 
■with  rigid  plasnc  support  which  is  mounted  on  an  optic  plate 
with  micropcsitioner  (Ealing  Elecrc-Cptics,  Inc.)  while  the 
other  end  ree. 

(2)  Measurement 

To  characterize  the  shear  mode  actuators,  the  dp 
displacement  was  measured  as  functcn  of  both  flequenc/  and 
CTTving  field.  The  measurement  sjstem  was  schematically 
sho-w-u  in  Fig.  1.  MTI  2000  Fotonic  ieasor  (MTI  Insmimeai) 
was  used  for  displacement  measureseat.  A  small  mirror  was 
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attached  on  the  actuator  tip  for  refieaing  the  incident  lighi 
from  optic  fiber.  When  actuator  vibrates  under  ac  fielc 
driving,  the  refleaed  light  is  detected  and  transferred  tc 
voluge  signal  or  displacement  signal  Iw  the  sensor.  The  optic 
fiber  head  was  mounted  on  an  XY2  micropositioner  which 
provides  distance  adjustment  against  the  measured  actuator. 
Manual  calibration  was  performed  to  determine  the 
correspondence  of  dispiacsnent  and  output  signal  of  the 
senur.  The  AC  si^ial  generated  by  DS345  ftmcion 
generaior  (Stanford  Research  System,  Inc.)  was  amplified 
through  a  powder  amplifier  (790  series,  PCS  Piezotronics. 
Inc.).  The  output  of  the  power  amplifier  was  then  applied  on 
the  csramic  actuator,  A  lock'in  amplifier  (SR830  DSP, 
Stanford  Research  System,  Icc)  which  synchronized  with  the 
output  voltage  of  the  power  amplifier  was  used  to  measure 
the  output  signal  ftom  MU  sensor.  An.Osdlloscope  was  also 
used  to  monitor  the  applied  voltage  and  output  signal  ftom 
MTI  sensor.  ITie  nia.ximum  output  voltage  of  the  power 
ampiier  is  300  volts  RMS.  When  even  higher  driving  field  is 
needed,  a  power  souice  with  maxitmtm  output  voltage  of  500 
Volts  is  used. 

HL  Results  and  Discussions 

Linear  pieroelecmc  shear  strain,  tip  displacement 
and  blocking  for  pure  sheer  mode  acniaior  sm  be  written  as: 


X,  a  d.j  £.  , 

(1) 

S  =  E ^  L  , 

(2) 

E  (V/min) 

Figure  2.  Dri-ving  fieid  dependac:  of  dp  displacement  of  shear  acsutois 
with  different  thichness  (L  -  jZZsim,  w  s  12.3  mm) 


(3) 


C  j<  1 


T  !*•  and  r  are  actuator  length,  wdth  and  thickness. 

jL»*  ”? 

f  is  the  shear  component  of  the  elasnc  ompliance  of  P2T 

llLnics.  Clcariy,  according  to  equations  (2)  and  (3),  both  tip 
and  blocking  force  are  proportional  to  driving 
Mor«r«r,  tip  displacement  is  independent  of  acniator 
31 3  givea  Solti-  Shown  in  Fig  2  is  the  electric  field 
■  ^  *  of  tip  displacement  for  shear  mode  acniator  with 

We  can  see  that  rather  than  predicted  by 
tip  dispiacemem  is  dependent  on  acaator  ±idaiess  . 
Quite  a  large  tip  displacement  level  (40um)  was  obtained  by 
mode  acmstor  with  thickness  of  0 J7  mm  under  electric 
gf  acont  325  V/mm.  For  a  givea  5eid  as  the  acniator 
decreases.  ±e  tip  displacement  increnses.  .And  also, 
op  Ttgrrr  is  not  limariy  proporuonal  to  electrical  field 

in  this*  wide  driving  field  range.  Two  reasons  may  account 
for  results:  nonlinear  pieto-elecnic  response  under  high 
driving  field  le*/el  for  soft  PZT  cemmicr,  and  induced 
bending  due  to  larerai  sher  icioe. 

For  fermeiecsric  cemmics  such  as  PZTs,  linear 
pietoeiecsic  response  is  observed  oniy  under  very  small 
signal  ler/eL  The  materials  prceeries  provided  by 
mantumnurera  are  all  measured  under  small  signal  level. 
Howe-.-er.  as  crr.'en  field  ampiimde  inermses.  the  charge 
outpui  or  strain  response  due  to  elecrnc  Seid  will  increase 
noniineariv.  Cccsecuenily,  the  efecave  cieiecsic  consmai 
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Fis-irs  3.  TTo  eissiacsjneat  as  funcaon  of  frewKcy  for  shear  actuator  with 
t  =  0.9  rttm  (i.  a  3m  mm,  w  a  12J  mm.  anvuif  iieid  5  a  100  V/mm) 


and  piezoelectric  coefficients  will  increase^’’.  Our 
e.\-periinental  results'*’  on  various  PZT  ceramic  materials 
indicate  that  piezoelectric  dn  coefficient  increases  as  driving 
field  amplitude.  Especially  for  soft  PZT,  nonlinearity  occurs 
even  at  relatively  low  eiecnic  5 eld  level  which  consequentlv 
contributes  to  the  nonlinear  electric  field  response  of  tip 
displacement  of  the  cantilr/er  shear  mode  acniawrs.  On  the 
other  hand,  for  caniilev’er  shear  mode  actuator,  one  end  is 
mechanically  damped  thin  can  not  generate  puns  shear 
motion  under  high  driving  SddL  Due  to  this  boundary' 
condition,  a  lateral  force  which  perpendicular  to  the  actuator 
surffics  will  be  pnxiuced  when  driving  under  electric  field.  In 
the  case  of  thin  csraim'c  plats,  mechanical  bending  will  then 
be  easily  resulted  which  the  tip  displacement  of 

ceramic  actuator.  The  thinner  the  csiamic  plate,  which  is 
easier  to  be  bent  thus  the  laris'  the  tip  displacement.  The 

mi^hDmini  bending  mcdc  Can  be  funhs  clarified  by 
Hg.  3  which  shows  ftequency  response  of  dp  dispincement 
for  shear  acniator  with  0.9  mm  thickness  under  driving 
field  of  100  V/mm  The  observed  fundamental  bending 
resonant  frequency  is  273  Hz.  E'qrerimemal  resdlts  also 
shows  that  at  a  given  driving  neld  level,  as  actuator  thickness 
increases,  resonant  Sequescy  linearly  increases,  as  shown  in 
Fig.  -t.  Using  the  assnmndon  of  a  homogeneous  cemmic 
plme.  the  fundameaiai  bending  resonant  firequear.'  of  a 
cantilever  actuator  can  be  sreressed  as: 

/,  =0J61(r/U)-^  W 


Viiehness  (mm) 


Figure  *.  Bending  resonant  frequecy  M  fiincdon  of  acniator  Usidcsess 
(L.  =  32.2  mm.  w  a  123  mm) 


indic2UngJ^  is  proportional  to  actuator  thickness,  which  is  in 
good  agTKinem  with  e.\-perimental  data.  By  Eq.  (4),  using  Ute 

measured  rrsonant  frequency,  mechanical  compliance  sf^ 
could  be  calculated.  However,  fimher  e.'tperimental  results 
(Fi<T  5)  show  that  the  bending  resonant  frequency  is  strongly 
dejxndent  on  driving  electric  fiel±  as  the  amplitude  of 
driving  increases,  resonant  frequency  decreases. 

Therefore  mechanical  compliance  .J;',  in  Eq.  (4)  is  dependent 
on  driving  field  amplimde.  Tiiis  is  due  to  elastic 
aonlinearines  of  piezoelectric  ceramics.  In  Eq.  (4)  is  the 
Ur,^-r  dasdc  compliance.  When  piezoelectric  ceramic  is 
(jnven  under  high  electric  held,  nonlinear  elastic  coeffiderits 
hurve  to  be  tahmx  into  account. 

X,  =  s^Tj  ^  (5) 


displacement.  The  blocking  force  is  now  dependent  on 
electric  field  in  a  quite  comple.x  way  since  tip  displacement  is 
not  a  linear  function  of  driring  field  for  cantilever  mode 

actuator. 

It  should  be  noted  that  in  piezoelectric  mode 
actuator.  large  tip  displacement  can  only  be  achieved  when 
using  thin  ceramic  plate,  under  high  driving  field.  In  some 
applications  which  require  !ow  displacement  level  but  large 
force,  two-layer  or  multilayer  shear  mode  actuator  could  be 
used.  In  these  aciuatots,  thin  ceramic  with  anti¬ 
parallel  poling  dixecrion  are  bonded  together  mechanically  in 
series  and  electrically  in  parallel  Low  driving  voltage  could 
be  used  due  to  rednced  individual  Imrer  thickness. 
E.’cperimental  results  on  twolayer  actuators  mdiesre  that 
bending  resonant  freqaency  is  proportional  to  the  total 
acmaior  thickness  thus  can  be  shift  to  higher  freqaency  range 
by  using  more  layers. 


The  nonlinear  elastic  coefficients  are  directly  related  to  and 
account  for  the  shift  of  resonant  frequency  . 

Quite  a  large  blocking  force  can  be  generated  in  pure 
mods  viciarion  and  this  shear  force  is  independent  of 
acmaior  length  (Eq.  (3)).  However,  when  induced  bending 
vibration  occars  under  high  driving  field  Ir/eL  blocking  force 
will  be  grsciiy  reduced  and  can  be  wrinea  as: 


^  rr-’wo 
==  . 


(6) 


Where  7  is  Yeung's  modulus  of  ceraraic  acraaror.  tf  is  tip 


Driving  field  (V/mm) 

5.  3e;d;ng  resonant  frequency  as  a  ftincaon  of  driving  fieid  for 
scear  actuatsr  with  t  a  1.02  mm 


IV.  Summary 


(Tharacierisrics  of  pisztJciecadc  shear  mode  actuator 
have  been  investigaied.  Due  to  both  nonlinear  piezoeiecnlc 
response  and  electric  fieid  induced  mechanical  bendieg,  quite 
a  large  tip  displacemeat  caa  be  obtained.  The  resonant 
frequency  of  beading  M'eraaon  is  depeadeai  on  the  driving 
freid  'cecause  of  elastic  aoniiasarities. 
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ABSTR.4CT 


Pxirinf  the  last  sr/eni  years  novel  piszselsctrlc  bending  acmarors  have  been  dr/eiope±  PAOiHOW,  CEHAMBOW, 
C3lESCZ>rr,  e'n  bimorpfa  and  THUNDEH.  A  coraparanve  ercnsnmental  investiganon  of  elesstsscbanical  charsctsrisdcs 
Cl  cnese  devices  along  wirh  convennonal  ^31  bimorph  and  tmintoipii  acniarors  was  condncsd  in  ±is  work.  All  nansducets 
T,-ere  fecricntsd  fxm  soft  piezoeiesric  ceramics.  Tie  exnerlnaentai  resalts  show  that  dia  bimorpi  and  unimorpn  elements 
have  snnenar  quasistanc  characrensacs  as  compared  to  ether  of  hending-mode  aemarert  .AH  these  piezoelecstc 
devices  demensnate  a  signing  nr  dependeng  of  elemramechaEicnl  pemonmang  on  the  magnmme  of  the  driving  elecstc 
fteld.  It  -^-ss  found  mat  the  decrease  in  the  mechanical  cruaiitv  ficzar  and  resonant  ftecrneacT  a  reeding  vforaiions  in 
^sitnemh.  BAINBOW,  CRESCENT  (CEPJl\!EQW)  and  THUNDS.  with  increasing  eiecnic  neld  is  amch  smaller  than 
Z2Z  in.  binaernh  and  da  mrimerph  acmamrs.  The  dependence  of  the  behavior  of  these  dr/ices  :z  ne  operaiiag  mndirions 
the  selecrion  of  a  parricilar  dr.ice  for  a  specinc  arniionrion. 


Keywords;  nienc 
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acraatrn  fahr.gted  rrn  nese  reramim  have  signincant  n 
le  r:  'he  most  pepuiar  rmts  of  pterceieenta  dr-ices  are  b 


•chemanc  hew  of  he  piectsiecnir  bimerph  canrile'.'er  with  : 
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e.'tampie  of  such  a  ertn  is  rienreiecnir  bimorph 
d  aieng  their  thicinns  mi  achesiveh’  bonded 
ectsnauiar  rross-seentn  is  sbowti  is  riz.  La.  The 


Another  widely  used  bending  actuator  is  unimorph  (Fig.  2).'  The  unimorph  senator  consists  of  the  non- 
piezoelectric  and  electroded  piezoelectric  plates  bonded  together.  Here,  like  in  the  piezoeiecnic  bimotph,  the  piezoelectric 
effect  in  the  direction  perpendicular  to  the  polar  axis  (coeScient  ri'jt)  generates  flexural  dispiaceseat. 


Fig.  2.  A  schematic  view  of  the  piezoelecaic  unimorph  cantilever  with  rectangular  cross-secaon. 


A  new  Qrpe  of  bending  piezoelecaic  actuator  named  RAINBOW  (standing  for  Reduced  And  Internally  Biased 
Oxide  Wafer)  has  recently  been  dr/eioped.^  This  is  a  monolithic  bender  in  winch  the  ceramic  is  subjeaed  to  a  selective  high 
teamcrainre  reducaon  with  graphite  iu  an  oxidizing  atmosphere  resnlting  in  a  reduced  non-piezceiecaic  layer  wi^  metallic 
elecadcal  ccnducavity  and  an  uniedueed  piezoelectric  layer.  The  resnitiiig  stress-biased  monolnhic  unimorph  has  domelike 
straemre  (rig.  3)  because  of  differeuce  in  the  thermal  coraracdon  of  reduced  and  non-tedneed  parts  of  the  ceramic  plate.  It 
was  stated  that  the  acmator  can  generate  signifeant  axial  displacement.'* 


Fig.  3.  -A  schematic  view  of  FAENBOVv  acarator. 

CERAMEOW  (sands  for  CHR^Cc  Biased  Oxide  Wafer)  piezoelectric  acmator  is  another  stress-biased  unimorph 
acmator  iu  which  memi  and  elecztded  ceramic  plates  are  cemented  together  at  an  elevated  tearaeramre  using  appropriate 
solder.^  Canvarure  develops  as  the  CZRAIvEOW  is  cooled  to  room  temperamie  since  the  merai  and  ceramics  have  different 
coemcienis  of  the  thennai  expansion.  CERAMBOW  has  die  same  shape  as  RAINBOW  (Fig  i).  much  more  reliable  way 
for  stress-biased  acmaton  febrication  has  been  suggested  by  the  authors.  Dome  shape  of  this  stress-biased  unimorph  named 
CRESCENT  (Fig.  4)  is  achieved  by  bonding  metal  and  electroded  piezoelectric  plates  at  a  high  teraperature  using  special 
epoxies  (caring  temperature  is  200-^0  ®C).  If  febricated  at  die  same  temperature,  the  CERAMBOW  and  CRESCENT  have 
similar  eiectromechanicai  properties. 

Aucther  new  of  bimotph  and  unimorph  aetzators  adliziug  piezoelectric  ccefScieat  has  recently  been 
deveieped.®  This  caterpillar-type  piezoelectric  transducer  consists  of  piezoelecaic  segments  bonded  by  a  polymeric  agent 
by  a  dicing  and  layering  technique  (Fig.  5).  It  is  the  piezo«ieczric  effect  along  polar  axis  P,  (ccemdent  ^33)  that  causes 
flexural  displacement  in  these  transducers.  Since  piezoelectric  coeScieat  in  commercial  piezceiectric  ceramics  is  2-2.2 
time  large  than  dji,  this  transducer  gerigmfg^  significandy  liigher  displacement  than  conventional  piezoelectric  d^  bimorph 
and  unimerph  actuators. 


Fi<T  4.  Sciieaiaric  view  of  CERAMBOW  (CRESCEfl^. 


Fig-  5.  A  scberrasc  view  of  the  csterpular-tj-pe  nnimorph  acraicr.  la  ±e  case  of  a  bimoipii  e^nwcrng  of  two  gimitar 
pieroeiecrac  piaies,  the  metal  plate  is  repiac^  by  the  same  piesoeiecsic  piate. 

Receady,  another  type  of  animoiph  stress-biased  pieroeitcric  acraaior  -  THUNDER  •  (sands  for  TEin  layer 
Unimcrpa  DrivER.  and  sensor)  has  bees  .*eparted.’  The  technique  of  THL*NDEH.  febricahon  CTn«rf?r?  of  high  tempemtuxe 
bonding  (300-350  ®C)  of  an  elecnoded  cemmic  plate  with  memi  foils  using  LARC^-SI  poiyimide  adhesive  developed  at 
NASA-  The  foils  are  cemented  from  both  sarmces  of  the  ceramic  plate  and  die  Thie!mi^.<;  of  the  memi  foils  on  one  sar&ce  of 
the  ceramic  plate  is  much  thicker  than  on  the  other  (Fig.  6).  .After  the  high  temperature  bonding  the  stmcaue  is  grven  an 
additional  bent  by  mechanical  pressing  to  increase  carvnture.  No  published  data  are  available  to  date  for  evaluating 
eiectromechanicai  properties  of  THUNDER. 


U 


'Ig.  6.  Schematic  view  of  THLT^ER. 


Thus,  sc'.’erai  new  types  of  piecoeiecccic  bending  actuators  have  emerged  during  the  last  several  years.  A 
romparative  analysis  of  their  eleccomechanical  properties  is  indeed  the  need  of  the  hour.  Therefore  this  work  was 
mdertaken  in  attempt  to  find  and  use  unined  criteria  for  the  device  characterization.  The  approach  used  is  described  in 


section  2.  E.'cperiinental  procsdiire  and  results  are  presented  in  section  3.  Finally,  discussion  and  summary  are  gi\'en  in 
section  4-. 


2.  RIPRESENTATION  OF  EXPERIMENTAL  DATA 


Actuators  consisting  of  plates  with  recmngular  cross-section  have  only  been  considered  in  this  work.  Since  in  many 
instances  piezoelectric  bending  actuators  are  used  in  the  cannler\'er  configuration  where  one  end  of  the  actuator  is  clamped 
the  second  one  vibrates  under  or  without  an  external  load  (Fig.  1),  this  configuranon  was  used  for  the  actuator 
characterizanon. 

In  the  cantilever  configuranon  load  is  usually  applied  to  the  vibrating  end  of  the  cantilever.  Therefore 

the  most  imtxirtant  quasistatic  characteristics  are  the  firee  displacement  tj  (Fig  1)  of  the  vibrating  end  and  the  blocldng 
force  Fu  when  t|*0.  For  piezoeiecsic  bimorph  and  unimorph  acmaiois 
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n  =  —d — jCtF, 
'  2  f 


3  d  wt; 
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where  d  is  the  piezoelectric  coeficeai  of  ceramics,  s  is  the  mechanical  compliance  of  ceramics  in  the  diiecttonX  under  the 
electric  field  Z  (Fig.  I).  £ = CT/r.  for  all  actuators  accept  for  033  bimorph  and  unimorph  for  which  Z  =  (7/f,  (Fig- 

5),  /,  w,  and  r^  are  the  dimensions  of  the  piezoelectric  plate  of  the  canrilevers  (Hgs.  1  and  2),  and  and  kjf  are  displacement 
and  blocking  force  coeffidenis,  respectively.  For  conventional  piezoeiecaic  dji  bimorph  and  unimorph  actuators  (F^gs.  1 
and  2)  piezoelectric  coeffideni  and  mechanical  compliance  sg  should  be  used  in  equation  (1);  for  ^33  transducers  ^33 


and  S3  should  be  used. 


where  c*  is  the  thickness  of  the  noa-piezoelectric  plate  (Fig.  2)  and  F-  is  the  Young’s  moddus  of  the  non-piezoeie 
plate.  As  follows  from  the  analysis  cf  equation  (2)  fectcrs  -<4  and  depend  on  the  rano  of  thicknesses  x  and  Young  3 
mocuii  V  cf  non-piezoelectric  and  piecceiectric  plates.  The  larger  v  is,  the  higher  the  value  of  .cj  and  ^  for  optimum  x. 
Azalvsis  shews  that  mav-mTim  ■value  of  ii  is  0.5  and  corresponding^  is  2. 

For  smess-biased  unimorph  acruaton  like  RAEscOW,  CER.^MBOW,  and  CIESCENT,  mechanical  stress  ari^g 
in  these  sumetures  during  device  fabrication  and  poling,  changes  elw.,,.umeshnnical  prepemss  of  ceramics.  Ther store 
ecuarion  (1)  for  these  acmators  con  be  written  as 

t  C3) 

Tvhere  d^i  and  are  the  piezoeiecric  and  mechanical  compliance  coeffidenis  of  the  piezoeiectnc  ceramics  before  the 
der--ics  fabrioatisg,  and  are  ccemcieats  equal  to  relative  change  in  dji  and  respecfrveiy  as  a  result  of  the  acting 
mschanicai  stress.  CoefSdents  and  ki  in  equation  (3)  shenid  be  calculated  using  equation  (2)  for  values  of  piezoelectric 
and  coefficients  of  the  piezoelectric  plate  poled  under  mechanical  stress.  Equanon  (j)  is  also  valid  xor 

THUNDEPv  but  in  this  case  k^  and  Lj  are  not  described  by  ecuarion  (2). 

One  more  important  quasistauc  electromechanical  characteristic  of  the  actuators  is  their  eiecaical  admittance  T ; 


•where  c3  is  the  angular  frequencj-,  is  the  component  of  the  tensor  of  the  dielectric  permittivity  of  ceramics  and  is  the 
fiictor  deoeuding  on  the  correspondiag  mechanical  coupling  coeScient  and  a  change  in  the  dieiicnic  pennittrvity  as  a  result 
of  the  devices  febricating. 

Xhus  as  is  seen  from  equations  (14)  quasistatic  elecrromeehanfcaJ  characteristics  of  acaiators  with  the  same 
dimensions  of  piezoelectric  part  of  the  dr/ices,  the  same  electric’  field,  and  the  same  frequency  can  be  normalized  with 
j^gpect  to  acrtzaior  chosen  as  a  standard.  It  is  convenient  chcose  dn  bimorph  actuator  (Fig.  I)  as  this  standard.  Therefore 
the  dp  displacement  r\,  blocking  force  and  electrical  admittance  T  of  all  above  described  transdneers  fabricated  using  the 

piezoelectric  ceramics  can  be  expressed  as 

(5) 

r*r“— /j. 

wrhem  f2  •  f* '  /■  ^  individnai  figures  of  merit  characterizing  the  tip  displacement,  blocking  force  and  electrical 
3iimiaas.cn  of  a  specific  bending  acaator,  respectrvely. 

The  mechanical  woik  that  can  be  produ^  by  the  bending^meds  actuators  is  propordonal  to  the  product  of  the 
muldnlicarion  of  the  tip  di^Iacemesi  q  and  the  blocking  force  : 

.  (6) 
Quasistaric  electrical  energy  acenmniated  in  the  transdacer  is  prcporrional  to  its  dielectric  peanisivity  s,  the  volume  of 
the  piezoeiecmic  plate  and  the  square  of  elecaic  field  £.  Using  ecuarion  (4),  the  following  raiaiion  is  obtained; 

r  ^ 

(7) 

The  ratio  ox  rite  mechanical  wik  m  die  input  eiectrical  energy  can  serve  as  an  ovemil  firze  of  merit  for  the 
eitcmomechanical  efficienc/  of  the  pierceiecaic  acaiator, 

Ik*  TlTI,  0) 

imegml  figure  of  merit  =  «  ,  ■■■  t. .  (S) 

Using  ecasricn  (5)  the  overall  Sgae  of  merit  rclaave  to  that  of  piezcoeiecric  ,^31  bimorph,  fa,  can  be  •strien  as 

rf- 

(9) 

Thus,  ±s  relative  factors  //,  /J,  and  amice  it  possible  to  describe  quasismic  elecaomechanical 
characterisrics  of  bending-mode  piemeiecaic  acainiors  in  the  cantilever  cenfiguradon.  It  is  impcrmni  to  note  that  the 
acmatezs  under  considemdon  should  be  frbncated  using  the  same  piezoelectric  ceramics  and  should  have  the  same 
dimensions  of  zhs  acave  piezoelecaic  part  .411  quasistadc  characteristics  should  be  measured  for  ±e  same  amplirade  and 
frsqizsncy  cf  the  applied  elecaic  field  since  elecaomechanical  properties  of  piezoelecaic  ceramics  depend  on  the  amplitude 
and  frequenoy'  cf  the  elecaic  Seid.^  ixperimeatal  resulm^’^  show  that  despite  a  significant  dependence  of  quasistadc 
elecaromechanicai  characterisdes  of  piezoelecaic  acaiators  fehricated  from  soft  piezoelecaic  cemndcs  on  the  applied 
eiscaic  field,  the  changes  of  these  chamcerisdes  for  different  actuators  show  almost  the  same  variadon.  Therefore  it  is 
enough  to  find  ,  /J ,  /J ,  and^  for  one  value  of  the  appliesd  eisczric  field. 

Since  in  many  cases  bending-mode  acaators  are  operated  near  the  fundamental  fisquency  of  beading  vibradons, 
resonant  chzrsczsrisacs  of  the  acmaiois  are  also  important.  The  values  cf  the  fundamental  resonant  fiequency  Vj  and  the 
mechanical  quality  focor  U*  cm  be  chosen  to  characterize  resonant  preperdes.  The  fundamental  resonant  frequenq/  of  the 
piezeeieemte  £3;  bimorph  cantilever  with  reemnguiar  cross-secrioa  is^ 

=  ■  ■[-  (10) 

^  -/3-snp.  _ . 

where  p,  is  the  density  of  the  ceramics.  The  resonant  frequency  of  the  piezceiecaic  miimorph  wth  rectangular  cross- 
sectioa  is  expressed  as‘° 

_ i—lUZH  .=£=.  (11) 

'  p.’ 

where  is  rite  density  of  the  non-piezceiecaic  plate.  Thus,  it  is  evident  that  the  resonant  frequenr/  of  the  unimorph 
cantilever  is  a  nmerion  of  the  resonant  frequenc/  of  the  piezceiecnric  plate  (bimorph).  For  caiciiadag  the  fundamental 


resonant  firquency  of  piezoelectric  bimorph  and  unimorph,  j®  should  be  used  in  equations  (10)  and  (11)  instead  of  s® . 
Equation  (11)  is  also  valid  for  RAINBOW,  CERAMBOW,  and  CRESCENT  cantilevers  but  in  this  case,  the  mechanical 
comoliancs  of  the  stress-biased  piezoeiecuic  plate  should  be  used  in  the  calculations.  For  TrIUNDER  too,  the  resonant 
frequenc.*  is  a  function  of  the  resonant  frequency  of  piezoelectric  plate  which  is  described  by  equation  (10)  but  the  actual 
decendence  is  a  more  complicated  function  of  x,  y  and  c.  Based  on  the  analysis  described  above,  the  resonant  frequency  of 
the  bending  mode  actuaton  can  be  related  to  the  resonant  frequency  of  the  piezoelectric  d-^  bimorph  which  has  the  same 
dimensions  of  ±e  active  piezoelectric  plate,  using  the  equation 

V,  =vr— /:,  (12) 

where  /J  is  the  figure  of  merit  characterizing  the  fundamental  resonant  firequency  of  the  bensing-mode  transducer.  It  is 
known*  fbar  the  fundamental  resonant  frequency  depends  on  the  magnitude  of  the  applied  elecnic  field.  Therefore  another 
important  parameter  to  be  considered  is  the  relative  change  in  ±e  resonam  finquency  Av,/v,  as  a  function  of  the  electric 

field. 

The  meghameal  quality  &cMr  0^  is  another  important  resonant  characteristic.  Since  mechanical  vibrations  of  the 
piezoelectric  bending-mode  actnaton  are  descnhed  by  fourth-order  differential  equation’  and  not  by  a  second  order  one, 
should  be  defined  appropriately.  By  analogy  with  the  definition  of  Qg,  for  damned  harmonic  vibramr  without  frequency 
dispersion  of  tiie  relevant  elecuomechanicai  parameters  of  the  Qg  can  be  expressed  as” 


where  rtr  is  ^Ae  amplimde  of  resonant  vTorations.  The  amplitude  of  resonant  vforations  depends  on  mechanical  losses  in  the 
actuator’  is  also  very  sensitive  a  the  way  the  cantilever  is  clamrei  Therefore  it  is  preferable  to  compare  the  relative 
change  /Q^  as  a  function  of  the  elecuic  field  instead  cf  O-. 

Thus,  relative  factors  /J ,  /, ,  /J ,  and /a  are  used  to  characterize  quasistatic  eiecutmechanical  characteristics 
and  /J  ,  Av,  /' v, ,  and  art  used  to  characterize  rescnant  prcperties  of  bending-mode  pimoeiectric  acmaion  in  the 

cantiirrer  ccnfimnation. 

3.  EXPERDIENT.\L  PROCZDO^  JCiD  EXPERIMENTAL  RESULTS 

All  transducers  in^’estigated  were  frbricated  from  soft  piezreiectric  ceramics  and  had  a  rectszrriar  cross-section  and  the 
followmg  dimensions:  0.-t-2.5  mm  ja  tfudoiess,  5-15  mm  i—  width,  and  15-35  mm  in  length.  Piezceiectric  bimorph  and 
metaL'piezcelectric  unimorph  acmators  were  fabricated  from  RKI550  (Piezo  Kinetic,  Inc.)  ceramic  plates  poled  along  their 
thickness.  This  category  of  piezcelecuic  ceramics  is  anaiogcus  to  soft  piezceiectric  ceramics  PZ753L  Stainless  steel  SSj02 
was  used  to  make  the  unimorphs  because  of  its  very  hizh  Vcimg's  modulus  and.  consequently,  high  theoretical  ratio  of 
Yeung’s  moduli  y=3.05  (equation  (2)).  The  plates  were  bonded  using  commercal  J-B  Weld  epexy  (J-3  Weld  Company). 
Piezceiectric  C33  bimorpbs  were  fibricated  by  a  dicing  and  layering  technique.*  Theoretical  rano  of  Young's  moduli  for  the 
<^33  amimerph  is  >=3.90.  The  ceramic  plates  in  the  stack  were  bended  using  commercial  condcctive  adhesives  EP21TDCS 
(Nfaster  Bend.  Inc.)  and  E-Solder  3025  (Insulating  Materials,  Inc.).  J-3  Weld  epoxy  was  used  for  bonding  metal  and  sliced 
ceramic  plates.  Each  piezoeiecuic  segment  in  the  piezoeiecuric  plates  (Rg.  5)  had  the  followmg  dimensions:  L09 

rpTTT  w  =s  1  i  -gm  As  follows  from  equation  (2),  /-ji-’rmTn.-g-  a  ■r-  fTj  1  characteristics  of  d-n  and  dn  animorph  actuators  depend 
on  the  ratio  cf  thicknesses  x  and  Young’s  moduli  y  of  ncn-piezoeiectric  and  piezoelectric  plates.  Theoretical  analysis 
shows'®  that  — a-riTTmTTi  value  of  the  displacement  factor  f2  overall  figure  of  xo/sdifa  correspond  to  different  values  of 
r.  Therefore,  cnlv  devices  exhibiting  mariTrmTn  quasistatic  tin  displacement  were  chosen.  Experimental  study  showed**^® 
that  fer  SSJOERKISoO  unimorphs  optimum  x  lies  berween  0.2  and  0.35. 

CPESCENTs  were  fabricated  from  PKI550  and  S3302  using  serreral  types  of  high  tempemture  epoxies.  Since  the 
Curie  temoerature  —200  ®C  was  lower  than  the  device  ^hricatioa  temperature,  the  actuators  were  poled  after  their 
^hrication.  It  was  found  that  tip  displacement  factor  f2  fer  CP.ES CENT  depends  not  only  on  the  x  and  y  factors  but  also 
on  tile  curing  temperature  T,\  therefore  only  CRESCENTS  possessing  maximum  /J  were  used  for  a  comparative  smdy. 
For  acruators  with  mm  and  .q=0.37  mm  the  optimal  curing  temperature  was  around  250-260  “C.  The  radius  of  the 
cuT'.'amre  of  the  transducer  before  poling  was  0.4  m  and  after  poling  it  increased  to  0.8-0.9  m. 


SLsci  figures  of  merit  are  defined  for  elements  tvith  tie  same  dimension  of  the  piezceiecric  part,  the  experimental 
cbtair:*^  for  actuators  fabricated  fiom  PKI550  with  difierent  dimensions  were  recalculated  for  a  device  with  standard 

dimensions  of  piezoelectric  plate. 

JLAJN30W  actuators  were  cut  from  piezoelectric  RAINBOW  disks  which  were  purchased  from  Aura  Ceramics, 
Iec.  R.-UNBOW'  disks  are  fabricated  from  C3900  ceramics  which  is  analogous  to  PZT5H.  The  thickness  of  the  devices  was 
0  4.6-0  AS  mm,  the  thickness  of  the  piezoelectric  (unreduced)  part  r*  was  appro.'dmateiy  0.27-0.29  mm.  The  thickness  of  the 
reduced  layer  was  0.12  mm  and  the  thickness  of  conductive  epo.xy  layer  which  served  as  elecncde  «as  0.07  mm. 

THuNDER  actuators  were  fabricated  finm  soft  piezoelectric  ceramics  PZT5A  and  AI  foil  Three  layen  of  the  foil 
were  cememed  on  one  side  of  the  cemmic  plate  and  one  layer  on  the  other  side  Curing  tempemnrre  was  300-320  *C.  The 
tliickness  of  rhe  THUNDERS  was  0.41  mm,  the  thickness  of  piezoeiectric  plates  was  0.2  mm.  The  radius  of  the  actuator 
carvamres  after  poling  was  approximately  0.33  m.  After  the  high  temperamres  bonding  followed  by  poling  (first  stage)  the 
devices  were  additionally  bent  by  mechanical  pressing  (second  smge)  and  the  radius  of  the  cur/ature  decreased  to  0.14  m, 
Measuremer.g  of  piezoelectric  chancmrisrics  were  conducted  the  first  and  second  sages. 

Ihcividuai  figures  of  merit  of  RAINBOW  and  THUNDER,  actuators  were  calculated  their  gxpwimwiTat  diira 

and  theoretical  caicuiatious  for  bimoiph  actuators  from  the  piezoeiecaic  ceramics  having  the  ■ame  dimensions. 

The  tip  displacement  of  acaators  was  measured  by  a  photonic  sensor  MTI 2000  (MTI  Instmments  Division).  The 
blocking  force  was  measured  by  means  of  a  load  cell  ELF-TC500  (Entran  Devices,  Inc)  and  the  liecxcal  admittance  was 
measured  my'  means  of  a  lock-in  ampiif  er  SR830  DSP  (Stanford  Research  Systems,  Inc).  A  ccapiete  description  of  the 
exoerimemal  set-up  is  given  elsewhere.*  Electromechanical  chaiacrerisrics  were  measured  in  quasistaric  regime  and  at  the 
fundamemai  frequency  of  bending  vibrarions.  In  the  quasistaric  regime  the  measurement  fiecueccy  was  at  least  ten  tunes 
smaller  is  fundamental  resonant  frequency. 

B.xp«rimenrai  figures  of  merit  /J,  //,  and  representing  eiectromecharisd  characteristics  of  the 

acmatcrs  srndied  are  given  in-  the  Table.  These  values  were  cbtained  fcr  low  applied  eiecsic  field  (less  than  20  V7cm). 
Dependencies  of  the  resonant  frequency  and  mechanical  cuaitty  factors  on  the  elecaic  field  are  mown  in  Figs.  7  and  3, 
respecriveiy.  R.escnant  characteristics  cf  CIESCENT  acrnaicrs  were  similar  to  that  of  a):  oninorphs.  No  significant 
dinerence  in  almost  ail  measured  eiecncmechanical  properties  of  THuNDER  acamton  after  ie  fin:  and  second  stages  cf 
their  faorioarinn  was  observed.  Only  mechanical  quality  fector  decreased  by  23%  after  the  second  J2|e. 


Table,  r  igures  of  merit  of  bending-scce  piezoelecuic  acmaiors  in  the  cannier, 'er  configuration. 


Tip  dispiacenteni 
factor  /,' 

aiodcng  force 
fector  /J 

^ctcr  /J 

Overall  figure  sf 

merit 

Resonant  frequency 
frctor  /: 

1  ^7*’ 

1 

1 

1 

1 

1 

0.41 

1.3 

1.0 

0.74 

1.7 

^-kIS30\V 

0.19-0.22 

O.i-1.2  . 

0.66 

0.0343.40 

1.2-1.4 

C?JESCE>^  250  X 
(CERA.MEO\V) 
r=0.3-i.  -/Sj.OS 

0.44 

1.75 

0.91 

0.35 

1.7 

THUNDER 

r3.-s.i/?2r5.A/.Al) 

0.12 

0.36-1.0 

O.SO 

0.05-0.13 

2.1 

C33  Bimcrph 

2.5 

1.52 

■** 

3.80 

0.34 

0.72 

3.5 

—  1  .  ' 

2.52 

1.7 

Analysis  of  bimorphs  e.xperin:er.tal  data  showed  that  the  experimental  tip  displacement  and  its  theoretical  value 
calculated  according  to  equation  (1)  are  in  good  agreement.  A.veraged  experimenml  value  of  the  biccking  force  was  33% 
less  than,  iecrencal  one  given  by  equatica  (1)  and  the  averaged  experimental  value  of  the  resonant  recuenc/  of  cantilc/ers 
was  13?<>  smaller  that  theoretical  one  (equation  (10)).  Nevertheiess,  the  resonant  frequency  of  these  hinorpfa  actuators  with 
free-free  bcunzzr/  conditions  (non  of  ±e  ends  is  damped)  ccincided  with  ±e  theoretical  one.  For  dy,  unimorph  acaators 


the  same  tendency  was  obser/ed;  the  blocking  force  ■was  smaller  by  13%  and  the  resonant  freqnency  was  smaller  by  12% 
fhf^rt  corresponding  theoretical  values.  In  ^33  bimorphs  the  blocking  force  was  smaller  by  42%  and  the  resonant  frequencv- 
was  smaller  b>'  17%  than  corresponding  theoretical  values.  The  discrepancy  was  smaller  for  unimorphs:  the  blocking 
force  was  smaller  by  7%  and  the  resonant  frequency  was  smaller  than  the  corresponding  theoretical  values  by  3%.  There 
may  be  several  reasons  for  these  discrepancies.  Firstly,  under  the  applied  electric  field,  piezoelectric  cantilever  bends  not 
only  along  the  JT  axis  but  also  along  the  F  axis  (Fig.  1).  In  theorsacal  calculations  bending  along  the  T  axis  was  negleaed. 
Bending  along  the  7  axis  may  afiec:  the  blocking  force  and  resonant  firequency  of  actuatore.  The  second  reason  is  that  the 
cementing  epoxy  whose  thickness  was  neglected  in  the  calculations,  may  also  change  elecncmechanical  properties  of  the 
actuators.  We  were  unable  to  condnc:  the  same  analysis  for  RAINBOW,  GUESCIENT  and  THUNDER,  actuators  exam 
gIectr"TTt<-^hi^TiTeal  properties  of  these  devices  are  nnicno'wn. 

As  seen  finm  the  Table,  the  blocking  fores  &cTar  fisr  RAINBOW  does  not  have  an  exact -value.  This  is  because  the 
blocking  Saice  showed  significant  dependence  on  die  external  load.  The  fores  increased  markedly  with  increasing 
TTT>^harffgal  pie-sosss  which  C3n  be  generated  externally  by  the  horizontal  displacement  cf  the  load  cell  <rnrk  to  the 
vibrating  end  of  the  actuator.  It  was  also  found  that  if  the  load  cell  -was  pressed  against  the  'vibrating  end  the  measured 
blocking  force  was  an  order  of  magnrmde  large  than  that  Sir  the  case  when  the  load  cell  was  ghied  to  the  vibrating  end  of 
rainbow  caniilevrem.  A  significant  scaneiing  in  the  measured  blocking  force  fector  /'  of  THUNDERS  (see  Table)  is 
probably  cansed  by  experimental  limiatiotts  sinca  it  is  very  difSenIt  to  attach  the  vibrating  sd  of  THUNDER  having  a 
curved  shape  and  ^e  load  ceil  head  having  a  fiat  surface. 


Fig.  7.  Dependence  of  the  resonant  fiequenq/  v,  of  bending  vibrsrions  on  the  eieccic  field  (rms).  Low-field  resonant 
fr^menev  is:  1394  Hz  (  dsi  bimorchl,  1015  Hz  (dsi  unimomh),  iOZ9  Kz  (^33  imimorph),  595  {R.\INBOW),  and  227  Hz 
CTHUNDEPO- 
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Fig.  8.  Dependence  of  the  relative  mechanical  quality  fkczcr  on  die  electric  field  (rms).  Low-Seid  quality  fector  O3,  is:  55 
(<231  bimerph),  48  (^31  unimorph).  25  (233  unimorph),  62  (RAINBOW),  and  137  (THUNDER,  afierfint  stage). 


4.  DISCUSSION  AND  SUMMARY 


^  foUoTvs  the  Table,  d-a  bincrph  and  unimorph  acr^jiatcrs  have  the  best  quasistatic  eiicr:r.schanicaJ  characteristics 
^•ith  rest>?i^  to  the  blocking  force  and  overall  figure  of  merit.  The  reason  for  this  is  that  pierceiectric  ^33  coefficient  and 
gofj-sronding  coupling  factor  1:33  are  2*2.2  times  large  than  and  *31 .  ^31  bimoiph  generates  higher  tip  displacement  than 
^  unlnicmh  but  its  blocking  force  is  significantly  lower.  Csi  bimorph  is  followed  by  CRESCHhiT  (CERAMBOW)  and  dy^ 
uSmorph  'actuators.  It  is  interesticg  that  the  CRESCENT  febricated  at  the  optimal  tempe.’amre  has  a  higher  tip 
(iisclacicistit.  and  overall  figure  of  merit  than  <^31  unimorph  ^ricated  from  the  same  materials.  I:  means  that  the  average- 
picoeiecmric  dsj  coefficient  of  the  piezoelectric  plate  poled  tinder  certain  mechanical  bcrding  stress  is  higher  and 
corrosponding  dielectric  perminivity  2^  lower  than  that  of  the  starring  material.  A  probable  reason  is  that  there  are  specific 
domain  stmcnires  that  are  formed  aming  poling.  Two  experimental  fects  support  this  inpcthssis:  the  first  one  is  a 
significant  increase  in  the  radius  of  dis  transducer  curvatnre  after  poling.  The  second  fret  is  that  after  separation  of  the 
and  ceramic  plates  in  the  poled  CRESCENT,  the  ceramic  plate  retained  its  carved  shape  which  implies  that  there  is 
pracricaUv  no  mechanical  stress  in  the  cansducer.  Moreov'er,  effect  of  the  longitudinal  stress  mnet  emlain  the  increase  in 
the  tio  displacement  since  experimemal  results^^  show  thar  longinidinal  stress  decreases  pieccelecric  dji  coefficient.  If  the 
CRESCENT  is  prepared  above  the  optimal  temperanire  residnal  mechanical  stress  may  decrease  piezoelectric  ^33 
coefflcieni. 

As  is  seen  from  the  Table,  RAINBOW  and  THUNTDER.  acmaiors  have  lowest  qnasistacc  figures  of  merit  Since 
reduced  layor  in  RAINBOW  aemsar  has  a  Young's  mocains*^  much  lower  than  stainless  rieei  used  for  ^33  unimorph 
febricarion,  cisolacemeat  factor  .ii  fer  rius  actuator  is  less  rh^r>  *baf  for  unimorphs.  In  addiiica  as  follows  from  the  analysis 
of  equariou  (-).  the  ratio  of  thickness  of  the  reduced  and  aerve  pienoeieento  layers  is  less  than  rie  optimal  one.  The  same 
reason  exnlain  inferior  quasistaric  behavior  of  THUNDER.S.  Also,  these  devices  have  men:  foils  from  both  sides  that 
decrease  tin  displacemeat  Since  fre  riickaess  of  the  pienceisenric  piates  in  the  dr/ice  was  reiamriy  small,  the  adhesive 
layers  can  also. decrease  /J . 

As  seen  from  Fig  7,  the  fondamental  resonant  frecnenq.*  cf  bending-mode  acma::-  depends  on  the  applied 
electric  neid.  Large  sensitivity  of  the  .*;jocant  frequenq/  of  cjs  unimorph  to  electric  field  can  be  due  n  the  fra  that  at  a  high 
le*.-ei  of  mechanical  stress  which  erim  at  a  high  ic/ei  of  resonant  vferarions  the  epoxy  bonding  rie  piezoeieeme  segments 
becomes  son  due  to  non-linear  suain-juess  relationship  in  the  poiymer  materials.  Resonant  prepernes  of  ^33  bimorph  were 
not  measured  but  based  on  the  above  discussioiL  this  device  shculd  b«  even  more  seasitTve  to  high  eiecnic  field  because  it 
does  not  have  the  stabilizing  metai  plan.  Relativeiy  high  dependence  of  v.  of  d^t  bimorph  can  be  nnsed  by  an  increase  cf 
the  'rrt  compliance  of  the  piezoeieeme  ceramics  with  increasing  electric  field*  7a:  meet  of  mechanical 

“softening’  of  me  piezoeieeme  csranics  in  ail  dsi-type  tmimerph  devices  is  less  signinnn:  since  they  have  non- 
piezcelectrlc  par;  whose  properuK  do  act  depend  on  ±e  electric  field. 

Adi  acmators  demonstraie  a  rignincant  decrease  of  the  mechanical  cualir/  fretor  wlfr  inmasng  eiecuic  field  (Fig. 
8).  The  mest  sensitive  dc/ice  smeiee  was  the  d^  bimorph.  Since  the  ampUrade  of  resonant  ’.foratioiis  is  inversely 
prcpcrricnai  :c  die  mechanical  losses  31  the  resonance’,  the  mechanical  losses  increase  signif  randy  under  high  elecnic 
fieid.  .At  the  electric  field  1  kV/cm  the  nechanicai  quality  factor  decreases  by  an  order  of  magrirtde  as  compared  to  its  low- 
field  value.  Since  in  unimorph-cj-pe  sntcrjres  there  is  non-piencelecuric  part  in  which  the  mechanicai  losses  do  not  depend 
on  the  anpiiesi  electric  field,  the  deerrase  cf  O3,  in  these  acmatcru  is  more  gradual. 

It  shculd  be  noted  fhar  tfaer:  is  one  more  important  figure  cf  merit  that  has  not  been  cenridred  in  this  woric.  It  is 
mechanical  failure  at  resonance.  Our  .-emits  showed  'hat  at  a  high  level  cf  mechanical  rifaranocs  at  .-raonance  the  actuators 
fiaemre.  The  fracrare  occarred  at  the  rcrrace  of  ceramic  plates  in  the  region  where  actuators  wen  ciaraped  since  this  area  is 
subiected  to  the  highest  level  of  scess.  .Aialysis  of  e.xp«riment2i  data  showed  that  fiaemre  of  s\i  bimorph  and  unimorph 
transducers  an  resonance  occurs  if  the  zmdmum  stress  at  the  clamped  surmce  reaches  30-50  MFa  In  this  case  mechanical 
frilure  occurs  in  several  seconds.  Crariy,  unimorph  acruaters  having  meml  plates,  such  as  Cn  and  433  unimorph, 
CRESCENT,  CERAMEOW,  and  Kperiaiy  THUNDER,  are  mere  reuabie  in  a  sense  that  e.-m  if  .nechanicai  failure  of 
ceramics  occurs  the  actuators  do  act  iracaire  since  metals  like  steel  cr  Ad  have  much  higcK-  nscaire  toughness  than 
ceramics. 

Ir  is  worthwhile  to  note  that  ±:  straight  or  slightly  curved  shape  of  bending-mode  actuatcis  is  not  opninal  in  terms 
of  overall  figure  cf  merit /i,.  For  instance,  freoreacal  caloiiaricns  show  that  L-shaped  dji  bimerph  rantilcver  (Fig.  9)  has 
higher  biccking  force  factor  and  cverall  figure  of  merit yC  than  straight  bimoiph  with  the  same  dimensions.  This  is 
because  in  a  ccm.-entional  straizht  suncrcre.  beading  moment  generated  in  the  acmator  works  agamst  the  blocking  force 


applied  to  the  vibrating  end.  Tns.'sfcre  this  force  blocks  the  movesaent  of  the  actuator’s  tip  only.  In  the  L-shaped  strucnine, 
aoplicadon  of  the  horizontal  force  produces  a  mechanical  tnomeat  on  the  horizontal  pan  of  the  actuator.  Thus,  the  bloddag 
force  should  almost  prevent  displacement  in  the  whole  bccrom  part  of  the  transducer  consequently  the  magnitude  of  the 
corresponding  blocking  force,  should  be  higher  in  this  case. 


ELEMENT 

• 

Tip 

facrer 

/: 

Blocking 

force 

factor 

r: 

Admittance 

factor 

/: 

Overall 
figure 
of  merit 
fm 

Resonant 

firquency 

factor 

r: 

1  </)t  Bimoroh  I  1 

I 

I  1  I 

1 

L-sfaapeddii 
Bimorph 
(/, =(3*0.5/) 

0.75 

1.5 

1.0 

1.125 

1.32 

Fig.  9.  Schematic  view  of  L-shaped  bimorph  and  theoreticai  5gnres  of  merit  of  this  device  with 

Tn  summary,  a  comparative  experimental  investigniion  at  elecmomechanical  characteristics  of  piezoelectric  d^i  and 
<233  bimorph  and  unimorph  acmatem.  RAINBOW,  C^lESCm^^^  (CERAMBOW),  and  ‘niL'NDER  actuators  in  cantilever 
ccnmgnraiian  bag  been  conducted.  The  tip  displacement,  biccking  force,  and  eieciiicai  admittance  were  chosen  to 
characterize  quasisiaiic  properties  and  the  resonant  nesruenev*  ar»r!  nrechanical  quality  faemr  wer*  chosen  to  characterize  the 
behavior  an  the  fundameniai  frecnency  of  bending  vibrariens.  The  experimental  results  show  that  Cjj  bimoiph  and  unimorph 
acmarers  have  superior  quasisiadc  characteristics  as  compared  to  ether  types  of  bending-mcce  acmaion.  It  was  found  that 
resenant  mecuency  and  especiaily  mechanical  quality  iketer  cf  ail  actuators  depend  on  the  applied  eiecnic  field, 
tmimorph.  RAINBOW,  CRE3CEC  (CER-AMBOW),  amc  TEL'N'DER.  wem  found  to  be  less  dependent  on  the  applied 
eiecmric  meid  rban  bimorph  and  S33  bimorph  and  unimorph  actuaiors.  These  results  indicate  mat  the  choice  of  devices  for 
a  parmcmiar  application  depends  on  cenditions  under  which  the  device  will  operate. 
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Hg.  5.  AtBaifnKie  and  phase  charactemties  of  shear-node  cantilever. 
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(unimorph).  395  (RAINBOW),  and  ZS6  Hz  (shear-node). 
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Fig.  7.  Dependence  of  the  ratio  of  aniplinidei  at  resonant  and  low  frequencies 
on  decoic  field.  Low-fidd  quality  faacr  Q^  isSS  (bitnorph),  4B  (unimorph). 
62  (RAINBOW),  and  31  (shear-node). 

weak  draendencs  of  Vr  and  in  shear-mode  actuator  can  be 

related  to  the  lack  of  the  decaromechanical  coupling  for  the 
bending  mode  and  to  relatively  low  level  of  resonant 
vibrations.  We  assume  chat  bending  vibrations  in  the 
transducer  appear  as  a  results  of  elastic  instability  [10]  of 
pure  shear  vibrations  because  of  the  action  of  inertia  forces. 
In  sunmary,  we  have  smdied  piezoelectric  properties  of 
bimorph,  unimorph,  RAINBOW,  and  shear-mode  actuators 
in  a  wide  electric  field  and  frequency  range.  An  appropriate 
experimental  measurement  system  has  been  developed.  The 
quasi-static  and  resonant  piezoelectric  properties  of  these 
strucrures  have  been  found  to  be  highly  dependent  on  the 
magnitude  of  driving  field. 
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Abstract-Beiia>ior  of  piezoelectric  actuators  (bimorph, 
unimorph.  R.\INBOW,  and  shear-mode)  fabricated  from  soft 
ceramics  has  been  investigated  in  a  wide  electric  field  and 
{mjuency  range.  The  electrical  admittance,  mechanical 
displacement,  and  blocking  force  of  these  transducers  have 
been  found  to  be  highly  dependent  on  the  magnitude  of  driving 
field-  The  resonant  frequency  and  medianical  quality  factor  of 
bending  vibrarions  for  ail  but  shear-mode  actuators  decreases 
significantly  with  increasing  driving  field.  .4nalysis  shows  that 
despite  a  large  variation  in  the  qnasi-static  electrical 
admittance  and  reduced  dp  displacement  of  bimorpii, 
onimorph.  ana  RAINBOW  cantilevers  with  driving  field,  their 
rado  is  almost  a  constant,  which  characterizes  the  ratio  of 
dielectric  permittivity  sjj  to  piezoelectric  coefficient  dji. 

I.  Introduction 

Srjdies  of  las:  few  years  have  demonsuated  that  piezoelectric 
transducers  have  sipificant  potential  as  actuators  for 
acousuc  noise  control  [1],  These  transducers  are  operated  at 
suc.h  high  power  leveis  that  the  ferroeisctric  ceramic  used  in 
Lhem  begins  to  exhibit  nonlinear  behavior.  It  is  known  that 
piezoeiecmiciry-reiated  properties  of  ceramic  materials  are 
highly  dependent  on  the  level  of  driving  eiecaic  field  and 
me^'hanicai  vibrations  [2-6].  A  corrjnon  feature  in  this 
bv  'or  of  piezoelectric  ceramics  is  an  increase  in  dieiecaic 
ar  .  'lezoeiecmic  coemcients.  and  losses  even  at  electric 
■  rids  much  lesser  than  the  coercive  one.  It  is  believed  that 
■te  nonlinear  behavior  has  extrinsic  narure.  i.e.,  is  related  to 
me  domain  wail  and  interphase  boundaries’  motion  [4].  Till 
now,  most  of  the  studies  were  focused  on  the  investigation  of 
materials  properdes.  The  purpose  of  diis  work  was  to  study 
the  behavior  of  the  potential  piczoeiecaic  transducers  such 
as  bimorph,  unimorph.  RAINBOW,  and  shear-mode 
vibrators  under  high  electric  field. 

n.  Experimental  PROCEDURE 

.Ail  transducers  investigated  had  a  rectangular  cross-section 
and  the  follo'ving  dimensions:  0.43-2  nun  in  thickness,  5-15 
mir.  in  'widih.  and  15-35  mm  in  length.  Piezoelectric 
bimorph  and  metai/piezceiectric  unimorph  actuators  were 
fabricated  hrem  PKI550  (Piezo  Kineuc.  Inc.)  ceramic  plates 
pcied  along  their  thickness.  This  category  of  piezoelectric 
ceramics  is  analogous  to  “soft”  PZT5H  ceramics.  Stainless 
steei  SS302  was  used  to  make  the  animorphs.  The  plates 
were  bonded  using  commercial  J-B  Weid  epoxy  (J-B  Weld 
Company).  Poiinbow  transducers  were  cut  from  piezoelectric 
R-ATSBOW  disks  which  were  purc.based  from  Aura 


Ceramics.  Inc.  Shear-mode  actuators  were  fabricated  from 
3203HD  ceramic  plates  (Motorola).  The  plates  were  pcied 
along  their  length  and  the  driving  electric  field  was  applied 
across  the  thickness  of  the  plates.  Clearly,  the  flexural 
displacement  generated  in  the  bimorph,  unimorph  and 
RAINBOW  actuators  is  caused  by  piezoelectric  ^31 
coefficient  while  linear  displacement  in  the  shear-mode 
actuators  is  caused  by  piezoeiecaic  dis  coefficienL 
To  characterize  these  ftansducers,  their  electromechanical 
properties  as  a  function  of  the  driving  electric  field  well 
below  and  close  to  the  fundamental  frequency  of  bending 
vibrations  were  investigated.  The  following  parameters  of 
these  transducers  in  the  cantilever  configuration  were 
measured:  i)  displacement  ti  of  the  free  end;  ii)  blocking 
force  Ai  ( II  =  0 ).  and  iii)  electrical  admittance  as  a  function 
of  the  applied  electric  field  and  frequency. 

A  block  diagram  of  the  experimental  set-up  is  show  in  Fig. 
1.  The  tip  displacement  of  piezoeiecaic  cantilevers  was 
measured  by  a  photonic  sensor  MIT  2000  (MIT 
InsUTiments).  The  measuring  head  of  the  sensor  was 
mounted  on  a  manual  micropositioner  which  provided  the 
linear  displacement  and  rotation  for  adjusting  height  and 
angle  of  the  head  against  the  measured  aansducer.  The 
transducer  (In  the  Rgure,  bimorph  is  shown  as  an  example) 
was  mounted  on  XYZ  microposiiioner  (Ealing  Electro- 
Optics,  Inc).  To  measure  the  blocking  force,  a  special  metal 
head  of  a  load  ceil  ELF-TC500  (E."itran  Devices,  Inc)  was 
glued  by  Super  Glue  to  the  vibration  end  of  the  transducer. 
Tne  load  ceil  was  mounted  on  a  micropositioner  which 
provided  a  horizontal  displacement  for  adjusting  the  position 
of  the  load  cell  against  the  measured  transducer.  The  load 
ceil  was  driven  by  power  supply  PS- 15  (Entran  Devices, 
Inc).  The  electrical  admittance  was  measured  by  means  of  a 
small  (several  ohm)  resistor  R  connected  in  series  with  the 
transducer.  All  lock-in  amplifiers  (SRS30  DSP,  Stanford 


rig.  I.  Blocic  diagram  of  the  experimental  set-up  adopted  to  measure 
eiecrromechanicai  propenies  of  piezoelectric  tnnsducers.  P,  denotes  the  veaor 
af  spontaneous  poiarization. 
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Research  S\-stems,  Inc)  were  synchronized  with  the  output 
voltage  of  the  power  ampii5er  (790  Series,  PCB 
Piezotronics,  Inc  or  PA-250E  Julie  Research  Laboratories, 
Inc).  The  input  AC  signal  to  the  power  amplifier  was 
supplied  by  a  generator  DS345  (Stanford  Research  Systems. 
Inc).  The  developed  experimentai  set-up  made  it  possible  to 
measure  the  mechanical  displacement  and  electrical 
admittance  in  the  frequency  range  of  0-20  kHz  and  the 
blocking  force  in  the  frequency  range  from  DC  to  several 
kilohertz.  The  maximum  driving  voltage  was  300  Volt  RIvlS. 

m  Representation  ofhxphrimentai,  data 


The  quasi-static  tip  displacement  q  and  corresponding 
blocking  force  fw  of  unimorph  acmaiors  can  be  written  as 

rn 

iljri.  Ir  _ 2xy(l-t-x) _ 

n=  ^  a:,  -  +  * 

x  =  -^.  y  =  y„rfi. 


r  _ 


-^E-k  k 

7  *  - -  <  . 

I  l-rxy 


(1) 

where  L  and  w  are  the  length  and  'wdth  of  the  cantilever, 
correspCQCingly;  tj  and  are  ’he  thickness  of  the  ceramic 
and  metal  plates,  correspondingiy:  E  is  the  driving  electric 
field,  Ya  is  die  Young’s  modulus  of  the  metal  plate,  and  rf, 
is  the  mechanical  compliance  of  ceramics  in  the  direction 
perpendicular  to  the  polar  axis.  For  bimorph  cantilevers  the 
coefficients  k^  and  k^f  in  (1)  are  equal  to  1.  Corresponding 
ecuations  for  oure  shear-mode  acrcator  can  be  written  as; 

^  =  d,JE. 


I  d.,  wtt 


~  ~  r* 


(2) 


^33 


where  is  the  component  of  the  mechanical  compliance  of 
ceramics  in  the  direction  of  polar  axis.  It  should  be  noted 
that  blocking  force  in  shear-mode  'din  plates  causes  bending. 
As  follows  from  (1,2)  reduced  ampiitudes  r\/E  and  ar® 
proportional  to  dk^  and  correspondingly  (in  the  case  of 
bimorph  and  shear-mode  cantilevers  ki  and  kdt  are  equal  to 
1).  Consequently,  a  relative  change  in  the  ratios  r\iE  and 
F^JE  as  a  function  of  the  driving  electric  field  gives 
information  about  the  change  in  ±e  piezoelectric  and 
mechanical  properties  of  the  actuators. 

The  electrical  admittance  of  the  ransducers  at  frequencies 
well  below  the  fundamental  bending  resonance  can  be 
wrinen  as 


Y  = 

f. 


(3) 


where  S  is  the  area  of  the  one  of  the  electrodes,  £  is  the 
component  of  the  tensor  of  the  dielectric  permittivity  (ejj 
for  bimorphs  and  uniraorphs  and  ej’’,  for  shear-mode 
transducers)  and  ky  is  the  coefficient  depending  the 
corresponding  electromechanical  coupling  coefficient.  For 
bimorphs  this  coefficient  equals  l-O.Sdjj/eJjsf, ,  for  shear- 

mode  actuators  it  equals  1.  As  follows  from  (3)  the  relative 
change  in  the  electrical  admittance  as  a  function  of  the 
driving  electric  field  gives  infcnnation  about  the  change  in 
the  dielectric  permittivity  and  eiectromechanical  coupling 
coefficient  of  the  transducer. 

To  characterize  the  change  in  the  properties  of  transducers 
near  fundamental  resonance,  the  following  parameters  as  a 
function  of  the  driving  elecsic  field  were  measured:  i)  a 
change  in  the  resonant  frequency  Av„  ii)  ratio  of  vibration 
amplitudes  at  resonant  and  low  frequencies,  q/q.  The 
relative  change  in  Av,  gives  an  idea  of  the  change  in  the 
mechanical  compliance  and  losses  at  the  resonance.  The 
relative  change  in  q/q  encompasses  the  change  in  the 
mechanical  quality  factor  since  the  amplitude  of  the 
damped  harmonic  vibrations  is  proportional  to  this  faaor  [8] 
q,  5  qfi,  .  (4) 

Tnus,  ffie  relative  values  of  Y,  q/£,  fbi/£,  AVp  and  q/q  as  a 
function  of  elecfric  field  caicaiated  from  experimental  data 
were  chosen  to  charac',eri2e  nonlinear  properties  of 
transducers.  It  should  be  acted  that  the  lock-in  amplifiers 
used  (F.g.  1)  made  it  possible  to  measure  complex  values  of 
q,  fiji,  and  Y,  i.e.,  the  amplitude  and  phase  characteristics. 


rv.  Ex?EitIMENT.\L  RESULTS 


All  chosen  functions  (RMS)  were  normalized  relatively  their 
values  at  a  low  electric  fi'eid  (-5-10  V/cm).  Tne  dependence 
of  relative  values  of  Y,  q/£.  Fii/E  on  the  electric  field  is 
shown  in  Figs.  2-5.  Instead  of  the  phase  of  the  electrical 
admittance  the  phase  of  Y/j  was  plotted  since  it  is  directly 
related  to  tangent  of  the  dieiectric  losses  (see  (3)).  All 
measurements  were  done  at  a  frequency  at  least  10  times 
lesser  than  the  fundamental  frequency  of  bending  vibrations. 
Maximum  electric  fields  used  in  these  experiments  3vere 
much  less  than  the  coerrive  field  of  the  ceramics  (8-9 
kV/cm;.  As  is  seen  from  these  graphs,  an  increase  in  the 
driving  electric  field  causes  an  increase  in  the  amplitude  and 
phase  delay  of  mechanical  displacement,  electrical 
admittance,  and  blocking  force.  For  bimorphs,  the 
dependencies  of  Y  and  q/£  on  the  electric  field  are  almost 
identical  and  are  more  pronounced  than  the  dependence  of 
corresponding  reduced  blocking  force  F\,dE  (Hg-  2).  For 
unimorph  cantilevers  the  effect  of  the  driving  electric  field  is 
stronger  and  function  q/£  increases  more  rapidly  at  a  high 
electric  field  than  Y  (Fig.  3).  A  close  analysis  of 
experimental  data  presented  in  Figs.  2  and  3  shows  that 
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_ _ _ a  cfi'iain  threshold  electric  field  (10-50  V/cm)  above 

tnciw  ‘  ...  .  ,1 

v^tiich  measured  paramecers  begin  to  increase  monotonically. 
As  foIIoN^'S  from  Rg.  4,  the  dependence  of  piezoelectric 
properties  of  R.AJNBOW  actuators  on  the  electric  field  is 
extremely  high.  Functions  Y  and  t\/E  behave  almost  in  the 
same  manner  and.  unlike  for  unimorphs,  have  convex  shape. 
This  type  of  actuators  is  characterized  by  very  high  losses.  It 
should  be  noted  that  the  blocking  force  for  RAINBOW 
cantilevers  has  been  found  to  be  increased  markedly  with 
increasing  shear  force,  which  can  be  generated  externally  by 
the  horizontal  displacement  of  the  load  cell  (Fig.  1). 
Behavior  of  Fbi/'£  was  similar  to  that  of  Y.  Experimental  d^ 
for  shear-mode  cantilevers  are  given  in  Fig.  5.  Qearly,  in 
this  case  the  electrical  admittance  increases  much  more 
rapicQy  with  electric  field  than  the  reduced  displacement. 
Resonant  characteristics  of  transducers  are  presented  in  Figs. 
6  and  7.  .All  actuators  demonstrate  a  decrease  in  the  resonant 
frequency  of  bending  vibrations  with  increasing  electric  field 
(Fig.  6).  The  mcjst  pronounced  decrease  is  shown  by  bimorph 
cantilevers  and  the  smallest  one  is  shown  by  shear-mode 
cantilevers.  Measurements  of  the  elecmcal  impedance  of  the 
shear-mode  vibrator  show  that  there  is  no  resonance  in  the 
impedance  despite  the  fact  that  mechanical  resonance  of 
bending  ’derations  does  occur.  .As  is  seen  from  Fig.  7,  the 
relative  decrease  in  the  ratio  of  amplitudes  at  resonance  and 
low  Srec’cenc'/,  rip'r]  (and,  consequently,  in  QJ,  is  highly 
dependent  on  tite  type  of  transducers.  A  drastic  change  is 
obtained  ’witii  bimorph  actuators  while  a  moderate  change  is 
obser/ed  with  shear-mode  actuators.  It  is  important  to  note 
that  ±e  magr.ioide  of  the  change  in  rtr'”  ^as  been  found  to 
depend  on  its  value  at  low  electric  fieid. 

V.  DISCJSSION  AND  SUM>t.AJtY 

jThe  results  presented  here  distinctly  show  that 
eiectrcm.echanicai  properties  of  the  acraators  fabricated  from 
sofr  ceramics  depend  on  the  level  of  die  driving  electric  field. 
Data  for  bimerph  transducer  (Eg.  2)  demonstrate  that  the 
eiecmical  admittance  Y  and  reduced  tip  displacement  r\/E 
beha'/e  in  a  very  similar  manner.  This  functions  are 
prep-ertionai  to  0.5  and  dji 

icrrespondingiy.  Since  tiie  factor  in  parentheses  does  not 
rhange  much  it  means  that  there  is  a  cicse  relation  between 
tiectric  fieid  dependencies  of  ejj  and  dn.  Our  studies  of  the 
nacerial  properties  of  various  son  PZT  ceramics  also 
lemonstrate  the  same  results  [9].  .As  follows  from  the  graph 
if  the  reduced  blocking  force  /rf,  (Eg.  2),  an 

ncrease  in  is  more  moderate  than  in  sjj  and  d^i.  This 
raph  also  shews  the  behavior  of  eiecnomechanical  coupling 
oefficient  because  the  ratio  d^/ejj  is  a 

onstant.  .As  fcilows  from  the  comparison  of  Egs.  2  and  3  a 


change  in  coefficients  k^,  ku,  and  k,  with  electric  field 
place  for  unimorphs.  Data  for  RAE^OW  actuators  (Eg.  4) 
also  confirm  that  there  is  a  close  relation  between  ejj  and 
dzi.  As  follows  from  Eg.  5  and  (2,  3),  dis  increases  much 
more  rapidly  with  the  electric  field  than  ef, . 

Data  of  resonant  measurements  show  that  bimorph  vibrator 
is  more  sensitive  to  the  electric  fieid  than  other  transducers. 
In  unimorph  acmaior  there  is  a  non-piezoelectric  metal  plate 
which  stabilize  the  behavior  of  the  transducer  since  its 
properties  do  not  depend  on  the  electric  field.  In  RAINBOW 
actuator,  in  addition  to  this  efiect,  the  internally  biased 
compressive  stress  may  affect  resonant  behavior.  A  relatively 
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Hg.  4.  AmpiTmfig  and  phase  charactaiaig  ofSAINBOW  cantilever. 


Fig.  5.  Ampiaude  and  phase  charaaerisds  of  sbear-mode  cantilever. 


Fig.  6.  Depesdeace  of  the  resonant  ftequeocy  v,  of  bending  vibraiices  oo 
eleBitc  fidrf.  Low-iieid  resonant  fieqtiency  is:  I39A  Hz  Gtiiootph).  1015  Hz 
(umroorph).  555  (RAINBOW),  and  5S6  Hz  (shear-mode). 
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Fig.  7.  Dependence  of  the  tado  of  ampiinidet  at  resonant  and  low  frequencies 
on  dearie  field.  Low-field  quality  faaar  Q.  is:  55  (biinorph),  4g  (unimotph), 
S2  (RAINBOW),  and  31  (sbear-aode). 

weak  dependence  of  Vf  and  in  shear-mexie  actuamr  can  be 
related  to  the  lack  of  the  decffomechanical  coupling  for  the 
beading  mode  and  to  relatively  low  level  of  resonant 
vibrations.  We  assume  that  bending  vibrations  in  the 
transducer  appear  as  a  results  of  elastic  instability  [10]  of 
pure  shear  vibrations  because  of  the  action  of  inertia  forces. 

In  summary,  we  have  studied  piezoelectric  properties  of 
bimorph,  unimorph,  RAINBOW,  and  shear-mode  actuators 
in  a  wide  electric  field  and  fiequency  range.  An  appropriate 
experimental  measurement  sysam  has  been  developed.  The 
quasi-static  and  resonant  piezoelectric  properties  of  ±ese 
sirucmres  have  been  found  to  be  highly  dependent  on  the 
magnitude  of  driving  field. 
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Behavior  of  soft  piezoelectric  ceramics  under  high  sinusoidal  electric  fields 

V.  D.  Kugel®’  and  L  E.  Cross 

r.-.-c’  '■f,::er;ais  Rii.search  Lahnraior:,  The  Pennsylvania  Stare  Caiversirv.  i'aiyersin-  Park.  Pennsybar.:z  16802 

'.Reoiived  S  July  1997;  accsptad  for  publication  2  June  L99S' 

The  hehavior  of  piezoeiec":.  dielectric,  and  elastic  cnarcctenstics  of  sott  piezoeiec:.":;  lead 
zirccr.ate  titanate  (P2D  cerantcs  was  investigated  under  smusoii—  electric  field  E  appiiec  a.cng  the 
poLir.g  direction  and  under  T.echanical  stress-free  conditions  ror  a  frequency  range  10  Hz-i”,'  kHz. 

Elecrricai  displacement  D-.  along  the  poling  direction,  nnechardcal  strain  dj  in  the  ;;:action 
oerr^ndicular  to  the  poling  direction,  and  the  resonant  frequency  of  electromec.ti.".;caily 
unccupied  bending  vibrations  of  polarized  plates  were  measured.  Commercial  ceramics  .^ZT3H. 

3 203 HD.  and  PKI550  with  chemical  composition  near  me  morphccropic  phase  boundar/  were  ^ised 
in  me  srady.  It  was  found  that  me  amplitude  and  phase  of  me  tirs:  harmonic  of  the  relative  strain 
i", ■  .'n.,  and  of  the  relative  eiecmical  displacement  Dy'/E.~  increase  similarly  with  incnasing 
amnidrade  E„  of  the  electric  f.eid  if  the  amplitude  is  less  than  coercive  field.  The  correspcnding 
increase  in  the  square  of  the  resonant  frequency  is  more  moderate.  The  dependencies  are  described 
wed  by  linear  functions  e.xcept  for  low  electric  fields.  The  functions  5’i)„V£,„  and  D-:yE,„ 
demonstrate  nequency  dispersion  as  well.  Relative  ampiirade  of  the  second  harmonic  ;f  the 
eiectricai  displacement.  D'^:DV^ .  which  is  polar,  also  increases  almost  linearly  with  mcnasing 
£_  .  The  relative  third  harmcrdc  demonstrates  saruradcaiLke  behavior.  By  mea.os  :f  the 

eiecmtc  cuise  technique,  it  was  found  diat  irreversible  changes  in  me  remnant  polarization  ta.<e  place 
even,  a:  electric  fields  much  smaiier  that  the  coercive  field,  .b.  mamematical  model  of  a  hysteretic 
transducer,  describing  the  eiecmc  field  dependence  of  electro  mechanical  propemes  ::  soft 
o’eooeiectric  PZT  ceramics,  '.viis  suggested.  According  to  this  approach,  the  response  deper.ts  not 
or_y  :n  the  instantaneous  maoratude  of  the  input  signal  e.g..  eiecafic  field)  but  also  :r.  past 
e.xmeme  values.  It  was  show:,  that  die  e.xperimentai  Rayietzi:  law  is  a  panicuiar  case  ::  the 
suggested  approach.  The  mccei  reiates  directly  electric  field  dependencjes  of  compie.x  piezte.ectric 
coeffiotent  d-.i{E,„)  and  S'-''  £.. .  of  complex  dielectric  permaravir/  f;.3i£,„)  and  DT  .■'£.. .  maof 
me  amplitude  of  elastic  compiimce  rf  i  £,,)  and  v':.  .Appiicattcn  :f  me  model  to  experimer.ta.  data 
snowed  that  the  model  describes  well  the  first  three  complex  harmonics  of  Oj  and  the  irre-.e.-tible 
change  in  the  remnant  poiar.oattcn.  Physical  causes  of  the  ocsemeh  behavior  were  analyzed,  .-.s  an 
aitemafive  to  the  model  base-a  ;n  the  90’  polarization  reor.er.tattton  and  tetragonai/thor.r.'.-.e'dral 
ohase  boundary  motion,  a  r.ew  approach  was  suggested,  m  mas  .modei.  the  observ'ec  .".ys'eretic 
c.:a.“.ges  in  the  e!ectromeci:nuaai  properties  are  assumed  to  re  caused  by  the  eiecm;  .'.eid 
aeoeooer.cy  of  the  mechanical  stress  acting  at  interdcm.ain  bcur.daries  in  the  paniy  a:r.s~:.:ed 
ar-'suallites  of  these  ceramics.  2-  1998  .\merican  [nstirate  of  ?’:y::c:.  [S002l-8979i9S  OS21'-a] 


I.  INTRO DUCTIGN 

Piezceiecmc  ceramics  possess  excellent  eiectromechani- 
aa;  prccemes  mat  make  them  very  atraative  for  application 
in  eiectrom.ec.nanicai  and  electroacousticai  transducers.  One 
important  ctass  of  these  transducers  is  nigh  power  sound  and 
ultra.scund  transducers,  which  are  operated  under  high  elec¬ 
tric  field.  .A  .new  :yce  of  such  a  hig.h-cower  sound  transducer 
for  active  r.ctse  control  has  been  deveiopea  recently.'  Prin¬ 
cipal  eieme.nts  of  the  transducer  are  pieaoeiectnc  ceramic 
bimorph  ca.-.t:;evers  that  are  driven  by  high  electric  field 
IFig.  L  V  Sm.a.l-siznal  eiectromechanicai  propertie,s  of  the  pi- 
ez^'electr.c  birr.orpn  structure.s  can  be  characterized  using  pi- 
cz'-elec:r.c  u-  .  dielectric  eu.  and  elastic  sh,  constants. 

'“'Present  .ua.-e- .  lO.'TEL  l.srael  I7ai,  .Mail  Sior  .OC-3C.  MTM,  P.O.B. 

I6S9.  .He;re  '  z .  t^rue!;  electronic  mail:  '.scce;  iiii.intci.com 
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while  corresponding  high-signai  cceff.cients  are  highly  de¬ 
pendent  on  the  electric  field.*  Studv  :f  the  high-signal  coef¬ 
ficients  is  technically  important.  It  na.'  been  widely  acknowl¬ 
edged  ■-hut  eiectromechanicai  rrcra.mes  of  piezoelectric 
ceriirdcs  hepend  on  the  applied  eiecmc  fieid.'"'®  Neverthe¬ 
less.  because  of  extremely  compiicatei  domain  stmcture  of 
oiezceiecm.c  ceramics,  our  knowiecze  in  this  is  far  from 
com.piete.  .'-lost  of  the  data  avaaiabie  are  related  to  the  am¬ 
plitude  and  phase  of  ''  and  amplitude  of 

d; o  ^  almost  no  data  conc;r.ing  complex  d-^xlE') 

and  jf-  '  E-  have  been  published.  .\'o  comprehensive  theo¬ 
retical  .model  capable  of  explaining  ::e  behavior  electrome- 
c.oanacci  characteristics  under  high  eiectric  field  was  sug¬ 
gested.  In  one  approach.  the  Ta>.cr  series  expansion  of 
thermcdy.anruc  potentials  leads  to  t.'.e  toilowing  relations  be¬ 
tween  corr.p<onents  of  the  instantaneous  mechanical  stress  T 
ar.G  strain  S.  electrical  displacement  2  and  field  E:‘ 

3  1SS3  s.-=ncan  Institute  of  Physics 
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5;  =  sfj  Tj  -f  d„„E„ 

~  ^  mnpi^  p  ~  ^  t 

D .,  =  t/„„  r  ,■  i-  sl,„E„  -r  d„,i  T.Tj  ^2R„„,T iE„ 


E  E  E  £  E 


whire  j'.  d.  R.  and  e  are  eieciomechanical  characrerlsrics 
tccnicants)  of  a  piezoelecric  media.  Superscripts  £  and  T 
denotes  boundary  condidons  £= const  and  £=  const,  respec¬ 
tively.  It  is  assumed  in  Eq.  (1)  that  the  piezoelectric  media 
does  not  e.'thibit  losses.  The  principal  drawback  of  this  ap¬ 
proach  is  that  the  model  (IJ  does  not  take  into  account  hys- 
tersnc  reladons  between  T,  5.  D.  and  £  for  macroscopically 
controlled  boundary  condidons  like  r=0.  E.xperimentai  data 
for  PZT  ceramics suggest  diat  the  hysteresis  contributes 
signiricandy  to  the  electromechanical  response  of  the  piezo- 
elecmic  ceramics  at  high  eiecmc  fields.  Recendy,  the  e.xperi- 
mental  Rayleigh  law.*"  describing  the  hysteresis  dependence 
ber.veen  the  magnedzadon  and  magnedc  field,  has  been  ap- 


(b) 


~G.  1.  (a)  A  .schematic  nr-v  pjezoeiectric  d-^  bimorph  cannievi 
’•VI  [h  series  connection,  P,.  dencas  die  vector  of  the  spontaneous  polariza 
non.  I  b1  Re,xural  displacement  of  -.'.e  transducer  in  the  ZX  plane  ’under  th- 
applied  voltage. 


plied  to  the  mechanical  itress  dependence  of  piezoelectri 
caily  induced  charge  on  polar  surfaces  of  piezoelectric 
ceramics. According  :o  Lord  Rayleigh.**  the  hysteresi; 
dependencies  between  Y  ithe  change  in  the  magnedzadon 
and  .Y  (the  magnetic  neidi  •■vhen  X  varies  in  the  range  frotf 
—  .Y„  to  can  be  written  as  i 


Y^a,X^l2pXi{ 


•  1  1.' 
- 

X  ' 


when  X  is  increasins  .from-Y„  to  -.Y... 


(_ 


-1-T'  '"T"’  when  X  is  diminishing  from-i-X,„  to -.V.. 


'•vriere  and  /3r  are  constmts  describing  reversibie  and 
irreversible  components,  resce-'dvely.  .-According  to  e.xpen- 
mentai  data.'*'*'*  function  il’  describes  ver/  well  the  stress 
dependence  of  the  amplitude  of  the  piezoelectrically  induced 
charge.  Nevertheless,  os  foilows  from  the  e.xpansion  of  Ea. 

1 1.-  in  Fourier's  series.'*  funcrion  Y  Joes  not  have  the  second 
harmonic  while  e.xperimental  iata^  show  that  the  second  har¬ 
monic  of  electrical  dispiacerr.ent  Dy  increases  signiricandy 
wiah  increasing  electric  lieic.  The  suggested  funcdonai  de- 
pe.ndence  cannot  also  e.xpiain  peculiarities  of  a  gradual  in¬ 
crease  of  the  dielectric  permittivity  in  the  region  where  the 
permittivity  begins  to  grow  upon  increasing  amplitude  of  the 
aiecmic  rield.**  It  should  be  noted  that  Eq.  (2)  is  purely  inrui- 
cive  and  it  is  not  a  result  of  the  Taylor  series  e.xpansion. 

This  work  was  undertaicen  in  an  attempt  to  investigate 
experimentally  and  theoretically  the  behavior  of  compie.x  pi- 
ezceiecmic  dyd^m)  dieiectric  coefficie.ncs.  and 

rite  ampiitude  of  elastic  coefficient  of  soft  PZT  un¬ 

der  .high  sinusoidal  electric  nelds  and  stress-free  condidons 
I  r=0i  in  the  frequency  ranee  of  10  Hz- 10  kHz.  The  ap¬ 
proach  adopted  is  described  in  Sec.  II.  Experimental  tech- 
.oicues  are  presented  in  Sec.  HI.  Experimental  results  are  ana- 
iyzed  in  Sec.  I'V'.  .Mathematical  and  physical  models  and 
:.he;r  comparison  with  experimental  data  are  considered  in 
Sec.  Summar/  and  conclusions  are  given  in  Sec.  i- 


il.  METHODOLOGY  OF  CHARACTErllZING  . 
ELECTROMECHANICAL  PROPERTIES 
UNDER  HIGH  ELECTRIC  FIELD 

Because  of  extre.T.e;;.'  complicated  coupling  ber.vee.o 
eieotric  and  mechanical  emrerties  in  piezoelecnic  ceramics, 
me  eiectromechanicai  risro.nse  in  these  materials  is  higiiiy 
dependent  on  electric’cl  end  oiec.hanicai  'ooundary  condidons. 
equation  ( 1 )  may  be  used  cs  an  iilustradon  although  it  may 
-tot  be  a  valid  mathemaccai  description  of  the  complex  be- 
-oavior.  .As  is  seen  from  rite  equation,  the  behavior  of  both  5 
and  D  is  descri'oed  by  a  diffe.'ent  set  of  coefficients  for  fiei’d- 
rree  ('£  =  0)  and  stress-free  (r=0)  boundary  condidons. 
tnerefore.  all  eiectromechanicai  coefficients  describing  di¬ 
electric.  mechanical,  and  interaction  nonlinearities  should  be 
.•mown  for  finding  values  cf  5  and  D  for  arbitrary  boundary 
conditions.  In  addition,  frecuency  dependencies  of  these  co¬ 
efficients  should  be  determined  because  of  the  frequency  dis¬ 
persion  in  the  nonlinear  he-havior.^  This  is  a  very  compli¬ 
cated  task  lying  far  beyond  me  scope  of  this  work. 

in  this  work,  dieiecaic  properties  along  the  poling  direc¬ 
tion  !  the  Z  axis;  subscr.pt  3)  and  piezoelectric  and  elastic 
propenies  in  the  perpe.adic’jiar  direction  (the  X  a.xis;  sub¬ 
script  1)  are  studied.  Equacon  il)  can  be  u.sed  as  a  starring 
point  for  finding  the  apprepnate  experimental  tec.hnique  for 
.measuring  corresponding  ranctional  dependencies  bet’ween 
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Di.  T; ,  5; .  In  the  final  parr  of  this  section,  limitations  of 
the  suggested  measuring  procedure  related  to  possible  inac¬ 
curacy  of  Eq.  (1)  for  describing  hysteretic  behavior  will  be 
considered. 

As  follows  from  Eq.  (1)  for  a  panicular  case  when  the 
electric  held  is  applied  along  the  polar  Z  axis  (£|  =  £2“*^- 
£  j  =  El.  and  the  mechanical  stress  acts  only  along  the  X  a.xis 
(only  Ti  =0).  the  relations  between  5,,  Ty,  O3,  and  £  are 
written  as 


5.  =sf,T,  -d3,£Ajf„rf  +  2d3„r,£ 
D,  =  J,.r.n-e]:£Ad3i,r‘^2£33,rt£ 


_  pi  ^ 

.  £3333^ 


By  grouping  ail  terms,  which  depend  only  on  the  electric 
held,  and  introducing 


and 

d-;!  -  .T-_  I  =  d3in-d3iiri  - ZRy.\E~ .... 

Eq.  !3'  can  be  written  as 

5.=rf..£-.r,)r,-d3,{£l£. 

D'.  =  S'. y  c.T^)T^‘r  e{~[c.)E. 

Tnus.  eieciromechanical  coefficients  rfi(£.ri),  d3i(£). 
d'-.^-yE.T-  •.  and  £”(£)  are  functions  of  the  electric  field  and 
mechanical  stress  in  a  nonlinear  pieccelectric  media.  In  Eq. 
‘■61.  terms  describing  the  interacdon  benveen  £  and  Ti  (e.g.. 
d;.]!  and  £3:.:!  are  included  in  sfitE.ri)  and  dyiiE.T-j: 
instead  of  thus  they  can  be  introduced  in  dy{E)  and  e[;-(E). 
respectively. 

.A.S  roilows  from  Eq.  (6).  strain  5]  and  electrical  dis¬ 
placement  D3  are  directly  related  :odzi(E)  and  e^^iE)  under 
stress-free  conditions  (£=0). 


r=o. 


(7) 


Thus,  coefficients  d},(E)  and  £331. £)  can  be  determined  by 
measur.ns  the  mechanical  strain  in  the  transverse  direction 
and  electrical  displacement  in  the  polar  direction  under 
stress-free  conditions.  If  the  sinusoidal  electric  field  is  used, 
the  ampilrude  and  phase  characteristics  of  harmonics  of  5 . 
and  D3  can  be  gauged. 

.Vteasuring  rfilE.Ti)  and  dy{E.Ti)  is  a  significantly 
more  ccmpiicated  problem  since  coefficients  describing  in¬ 
teraction  between  £  and  T ,  should  be  determined.  Therefore, 
the  e.xpertmental  technique,  which  gives  only  information 
about  .s-A.  E.Oi  =sfi(E)  (stress-free  conditions),  was  adopted 
in  the  present  study:  measuring  the  fundamental  resonant 
frecuencv  y,  of  bending  vibrations  of  a  poled  piezoelectric 
cera.mic  mate  ;n  the  cantilever  configuration  (Fig.  2). 


O 

FIG.  2.  Sc.bematic  view  of  the  poianzii  pjezoelecmc  plate  in  the  cantilever 
conriguracon.  P,.  denotes  the  vector  of  spontaneous  polarization  directed 
along  ate  polar  Z  axis.  Voltage  U  is  applied  to  polar  surfaces  of  the  plate. 


Measuring  resonant  frequency  of  longitudinal  mechani¬ 
cal  vibrarions  excited  by  the  eiectric  fieid  through  the  pri¬ 
mary  ■  piezoelectric  effect  has  been  used  by  several 
authors.  Since  ±e  resonant  frequency  is  a  function  of  the 
corresponding  mechanical  compliance,  the  dependence  of 
me  frequency  on  the  eiecnhc  fieid  gives  information  about 
nonlir.earities  in  the  mechanical  compliance.  ''^  If  the  me¬ 
chanical  quality  factor  is  high  enougii.  mechanical  nonlin- 
earides  are  dominant  because  of  a  ver/  high  level  of  vibra- 
dons.  Therefore  this  mediod  is  .lot  applicable  for  finding 
jf;i  E: .  Moreover,  the  frequency  range  of  primary  interest  in 
dds  srcdy  was  100  Hz-1  kHz  while  t.he  frequency  range  of 
longimdinal  vibrations  is  usuaiiy  far  above  10  kHz.  Thus, 
another  type  of  vibration  should  be  considered.  The  bending 
mode,  which  is  excited  by  the  eiecaic  fieid  in  bimorph  can- 
dievers  ^Fig.  1)  may  be  a  possible  alternative.  The  funda- 
.mentai  resonant  frequency  of  :e.ading  vibrations  is" 


l.S75-f.  1 

^-  =  ^^7i-=T=-  <8) 

*'*  ‘  vosTip 

where  is  the  thickness.  :  is  ‘he  length  of  the  bimorph 
cantilever  I'Fig.  1),  and  p  is  the  censitv'  of  the  material.  Nev- 
ertheiess.  it  is  quite  difficult  to  analyze  the  dependence  of 
on  E  in  piezoelectric  bimorphs  since  the  mechanical  stress 
can  reac.h  a  very  high  level,  and.  in  addition,  the  stress  in 
.nonunifcrm.  Preliminary  experimental  studies  showed  that 
bending  resonant  vibrations  can  be  e.xcited  in  piezoelectric 
plates  poied  along  their  thicimess  iFig.  2).  These  bending 
vibradcns  arise  due  to  nonumiorm  distribution  of  spontane¬ 
ous  poiarization  of  domains.  Because  of  a  relatively  low 
,  level  of  me  bending  vibrations  in  uhe  piezoelectric  plate  (Fig. 
2)  it  can  be  assumed  that  the  mec.hanical  compliance  depends 
only  on  tiae  electric  field.  3f,i£.0’>syf|(£')  i.e..  the  depen¬ 
dence  of  Vr  on  £  is  caused  mainly  by  interaction  nonlineari¬ 
ties.  e.g..  1^311  in  Eq.  (5i.  The  cctresponding  wave  equation 
coincides  with  the  same  one  describing  bending  vibrations 
along  me  X  axis  in  a  linear  piezcelectnc  beam" 


7"  7  I2psfi(£)  i5- 7 

iv.v'  tp  iff- 


(9) 
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where  n  is  the  neutral  .surface  displacement  of  a  bent  canti¬ 
lever  (Fig.  D."  Assuming  that  ±e  plate  is  driven  at  the  reso¬ 
nant  frequency  v, .  E  =  E„  siniw-ti  and  all  other  harmonics 
of  the  displacement  have  a  much  smaller  amplitude,  the  dis¬ 
placement  is  written  as  sinioiq;.  Expansion  of  the 

mechanical  compliance  in  the  Fourier’s  series  yields 


=  =uf,(E.J]'''’cosf/a.,r).  (lOi 

; 

where  [sf,  (£„)]*''  is  the  amplitude  of  the  ith  harmonic.  Sub¬ 
stituting  Eq.  (tO)  into  Eq.  ‘9)  and  taking  into  account  only- 
terms  contributing  to  the  fuadamental  vibrations,  one  obtains 


I 


.7,‘„  ,  12p{[jf|(£,)]'°’ sin(ct>,r— sinitOrt-Or)} 

— -  sin(  cu,/ +  (p;.)  -  ci>; - z — - - - 7-  =0. 


crv 


(in 


Since  for  a  low  level  of  losses.  e,s--n-/2^,  Eq.  (lU  reduces 
to  a  similar  one  describing  the  amplitude  of  vibrations  of  a 
linear  piezoelectric  beam.*  The  fundamental  resonant  fre¬ 
quency  of  bending  vibrations  of  the  cantilever  is  written  as 


1. 375*  _ 1 


i.ll) 


Pnus.  measurement  of  the  resonant  frequency  as  a  funcdon 
of  me  electric  field  gives  an  idea  of  the  field  dependence  of 
the  amplitude  of  the  first,  and  diird  harmonics  of  the  me¬ 
chanical  compliance.  It  must  :e  noted  that  through  ail  deri¬ 
vations  it  was  tacitly  assumed  mac  Eq.  (6)  is  a  proper  de¬ 
scription  of  the  high-field  beiiavior  and  losses  in  the  media 
were  neglected. 

.A.s  was  noted  above.  E-q.  '6')  may  not  be  valid  for  a 
system  with  hysteresis  and  losses.  For  a  hysteretic  piezoelec¬ 
tric  media  with  the  given  boundary  conditions  the  corre¬ 
sponding  piezoelectric  relations  can  be  written  as 

-i ;  =fi^TO^fz{E)f:A  T-./.-fAE).  ^  ^ ,, 

where  .-.(Ti). /,•(£!.  g/if,  i.  cndg,(£i  are  miiitipie- valued 
functions  since  multivaluedness  is  inherent  property  of  hys¬ 
teresis  jee.  for  example.  Eq.  i2)].  For  £1=0.  Eq.  (15)  re¬ 
duces  to 


5;  =/.(£). 

D:.=sAE). 


fl-!.) 


Thus,  measurements  of  5i  and  Oi  as  a  function  of  £  under 
T-  =0  can  provide  informauon  about  which  of  Eqs.  '-!■(  and 
T'.  or  1 14-)  is  a  correct  description  of  piezoelectric  and  di- 
eiectric  properties  under  high  electric  field.  In  contrast-  the 
suggested  procedure  of  measuring  mechanical  properties  by 
means  of  Eq.  ( 12)  is  a  limited  one  since  it  is  based  on  the 
assumption  that  Eqs.  (6)  and  1 10)  are  valid.  .Mevertheiess.  it 
is  reasonable  to  assume  that  these  equations  are  correct  if  the 
electric  field  and  losses  ore  not  too  high.  Moreover,  the  va- 
iicir.-  of  Eq.  (6)  is  not  restr.cted  to  the  validity  of  Eqs.  f-^-' 
and  ■:k  therefore  function  !.-'(*,t£.„)]''”r 
tamed  from  measuring  v.  can  provide  information  about 
ncniir.ear  or  hysteresis  origin  of  these  dependencies. 

Tr.us.  the  mechanical  strain  S|  and  dielectr.c  displace¬ 
ment  D-  of  unconstrained  pte.toelectnc  ceramic  places  and 


Che  fundamental  resonant  ^quency  of  bending  vibrations 
of  piezoelecmc  ceramic  piares  in  the  cantilever  conngurarion 
were  chosen  for  characterizing  the  behavior  of  piezoelectric 
ceramics  under  high  electr.c  fields.  5]  and  O3  were  deter¬ 
mined  by  measuring  harmonics  of  strain  5i  along  the  X  a-tis 
and  of  the  electric  current  density  J  along  the  polar  Z  xxis 
under  the  sinusoidal  elecm:  field  and  stress-free  conditions. 
In  ceramics  with  low  elecm:  conductivity  the  harmonics  of 
me  electric  current  de.nsir.'  J"'  are  directly  related  to  the 
harmonics  of  the  electricri  displacement  D3  ’ . 

D'-'-j  sintfcur---/")a’r 

Jm  i 

~  n — sini  fair 

w'here  a>  is  the  angular  tre-quency  of  the  applied  eiectric  fieid 
£  =  £,,  sin(wf).  J\l,'  and  ■  ore  the  amplitude  and  phase  of 
me  !th  harmonic,  respectively.  In  addition  to  5] ,  D;.  and  v. . 
irreversible  change  A?,  in  me  remnant  polarization  in  the 
polar  direction  under  pulsed  electric  fieid  was  measured 
since  this  method  also  provides  information  regarding  hys¬ 
teretic  properties  of  pie;;eiectric  ceramics.  It  should  be 
smessed  that  this  irreversibie  change  AP,  can  be  caused  by 
both  the  spontaneous  poiar.zation  reorientation  and  hyster¬ 
esis  in  the  mechanical  boundary  conditions  for  ferroelectric 
domains  under  applied  eie-cmic  field. 

HI.  cXPEHIMENTAL  TECHNIQUES 

Soft  piezoelectric  '.eud  zirconate  titanate  ceramics 
PZT5H  (Morgan  .Macroc.  Inc.').  3203 HD  (Motorola.  Inc.;, 
and  PKI550  (Piezo  Kineuc.  Inc.)  were  used  in  the  expen- 
.ments.  The  ceramics  are  donor-doped  PZT  and  have  a 
chemical  composition  ae-or  the  morphotropic  phase  bound- 
ar-’.  Prepared  samples  had  a  shape  of  parallelepipeds  with 
rectangular  cross  section.  Tne  thickness  of  the  samples  was 
1.5-3  mm.  the  width  was  3-10  mm.  and  the  length  was 
•  1— "0  mm.  Surfaces  having  the  largest  area  were  eiectrodeu 
With  electroless  nic-kei  or  sputtered  gold  and  the  samples 
were  poled  along  their  thidcness  at  90-120  “C  with  £ 
=  15-20  kV/cm  in  the  silicon  oil  bath.  All  measurements 
were  conducted  on  samples  aged  for  at  least  24  h. 

The  harmonic  specmim  of  the  electric  current  density  J 
through  samples  under  die  applied  sinusoidal  voltage  U  was 
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FIG.  9.  experimental  setup  for  measunng  D-,JE).  I  denotes  the  direcaon  ot 
poiartaacon. 


measured  by  means  of  the  experimental  semp  shown  in  Fig. 
3.  Resistor  R„  =  3-50Q  was  chosen  such  that  1003? 
<$  l/wC,. .  where  Cj  is  the  capacitance  of  the  sample.  Volt¬ 
age  across  the  sample  was  delivered  from  the  power  ampli- 
lier  I  “90  Series.  PCB  Piezotronicl  Inc.,  or  PA-250H.  Julie 
Research  Laboratories,  Inc.i.  The  input  ac  signsd  to  the 
power  amplifier  was  supplied  by  a  generator  DS345  iStan- 
fcrd  Research  Systems.  Inc.i.  Voltage  across  resistor  weis 
gauged  by  a  lock-in  amplifier  SR830  DSP  (Stanford  Re¬ 
search  Systems.  Inc.),  which  was  synchronized  with  the  out¬ 
put  vcitage  of  the  amplifier  by  means  of  the  voltage  divider. 
For  measuring  the  harmonic  speczum  of  D;  at  small  elecric 
fields,  a  low-distonion  generator  DS360  (Stanford  Research 
Syscems.  Inc.)  was  used  without  me  ampiiner.  Voltage  and 
frequency  ranges  of  the  e.xper.mental  setup  were  0-300  V 
~3  and  0-30  kHz.  respectiveiy.  Harmonic  spectrum  of  J 
was  caicuiated  from  the  following  equation; 


c:.. 


I':.'  sini  m  sini/wr-cs'i^'.'). 

t\ 
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where  is  the  measured  amplitude  of  the  ith  harmonic  of 
the  v,^  lease  across  resistor  /?...  A  is  the  electrode  area,  and 
is  me  measured  phase  of  me  ith  harmonic  of  the  voit- 
age.  Heuations  (.15)  and  ( 16)  were  used  for  finding  amplitude 
Dv„  and  phase  iJq’  of  the  ;m  harmonic  of  the  elecmcal 
displacement. 

.Amneiitudes  S',”  and  phases  s'f  of  the  harmonics  of 
strain  5-  were  measured  by  means  of  the  double-beam  laser 
interferometer**’  and  stain  gauges.  The  interferometer  is  de¬ 
scribed  elsewhere. '**  An  experimental  setup  for  measuring 
strain  with  stain  gauges  is  shown  in  Fig.  4.  Since  poled  pi- 
ezceiecmic  ceramics  have  symmeny  point  group  y:mm  there 
was  no  need  to  align  the  strain  gauge  along  a  certain  direc¬ 
tion  at  the  polar  surface.  Strain  gauges  KFR-02-12-C-1 1  and 
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FIG.  5.  .An  experimental  setup  far  .’Tteasuring  reversible  and  irreversibly 
a.riansed  polarization. 


a  strain  gauge  ampiiner  DPM-612B  (ICYOWA  Electronic 
Instruments)  were  used.  Frequency  response  of  the  strain  in 
the  range  10  Hz- 10  kHz  at  low  electric  fields  was  measured 
by  means  of  the  laser  interiemmeter.  The  electric  field  de¬ 
pendence  of  the  stain  in  the  frequency  range  10-500  Hz  was 
gauged  by  the  strain  gauge  semp.  Phase  delay  introduced  by 
the  strain  gauges  was  caicuiated  using  phase  characteristics 
of  Sx  obtained  for  the  same  sample  with  *e  laser  interier- 
ometer. 

Pne  eiectric  field  dependence  of  ±e  fundamental  reso¬ 
nant  frequency  of  bending  -.fonitions  of  the  piezoeiectric 
cantilever  (Fig.  2)  was  dete.-mined  by  measuring  the  fre¬ 
quency  of  the  maximum  dp  dispiacement  along  the  Z  a.xis 
I  Fig.  i).  .A  photonic  sensor  MTI  2000  (MTI  Instruments  Di- 
visicni  with  a  corresponding  set  of  electronic  equipment 
were  used.  A  complete  descr.ption  of  the  e.xperimentai  setup 
is  given  elsewhere.*' 

To  measure  the  irreversible  c.nange  in  *e  remnant  polar¬ 
ization  under  high  eleeme  deid  die  electric  pulse  technique 
••vas  used  (Fig.  5).  .A  pair  c:  singie  rectangular  pulses  having 
opposite  polarities  or  singie  sinusoidal  pulse  consisting  of 
one  period  of  sinusoidal  voltage  were  delivered  to  the  sample 
by  means  of  the  generator  2S3A3  and  the  amplifier  790.  .A 
digital  oscilloscope  LeC.rey  9310A  (LeCroy  Corporation) 
with  probe  10:1  (10  ML  die  input  resistance)  were  used  to 
measure  the  induced  on  laracitor  C,„=  1.015 /zF  eiectric 
charge.  The  amount  of  die  ^reversible  change  in  the  remnant 
polarization.  \P^ .  is  equai :: 


A 


(1") 


where  is  residual  vcitage  remaining  on  the  capacitor 

after  the  second  of  wo  icnsecutive  rectangular  pulses 
with  opposite  polarities  applied  to  the  sample.  The  capacitor 
was  short-circuited  after  the  first  pulse.  Presumably,  the  sec¬ 
ond  voltage  pulse  is  the  one  lausing  the  irreversible  change 
in  die  polarization.  The  dumaon  of  each  rectangular  pulse 
was  50  ms.  Equation  1 17'  is  also  valid  for  the  sinusoidal 
puise  if  the  irreversible  c.fimge  IP,  takes  place  during  the 
second  part  of  the  pulse  oniy.  The  duration  of  the  sinusoidal 
puise  was  100  ms. 

To  characterize  D-aE'  .  S:(E).  and  hysteretic 

loops,  a  modified  Sawyer-Tower  circuit  with  C,„  =  9.64  /zF 
was  used  (Fig.  6).  Generator  DS345  and  an  amplifier  BOP 
ICOONl  (KEPCO  Inc.)  with  an  output  voltage  up  to  I  kV 
delivered  high  sinusoidal  vcitage  to  the  sample  under  test. 

Crystallographic  strucra,-i  of  the  ceramics  used  was  de- 
termaned  by  the  x-ray  diffreation  (XRD)  method  ( Cu  Ka 
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no.  b.  A  modi  tied  Sawyer-Tower  circuit  for  measuring  hysteresis  loops. 


characriirisac  line)  using  powder  diffractometer  SCINT.\G 
V.\X  3 100  system.  A  spectrum  produced  by  the  Ka-^  line  of 
a  Cu  source  was  stripped  off. 

.Ail  measurements  were  carried  out  at  room  temperamre. 
.A  smail-signal  comple.x  dielectric  constant  £33  at  frequencies 
far  from  resonances  was  calculated  by  neglecting  nonlineari- 
des  and  using  Eqs.  (7),  (15),  and  (16), 


, ,  .in 


mR 


r/2) 


(IS) 


where  c’.,  is  the  amplitude  of  ie  applied  voltage  and  r..  is 
Che  frickr.ess  of  the  ceramic  sample.  Since  £[3  is  comple.x.  it 
also  contains  information  about  losses;  dissipadon  factor 
'  DF'  is  written  as 

DF»:ani-<p'l).  '19) 

It  was  assumed  in  the  £”  calculations  that  the  parailei 
resistance-capacitance  (R,'C;>  circuit  describes  eiecaicai 
•character.stics  of  the  ceramics.  Small-signal  comple.x  piezo- 
eiecrtc  constant  was  c'aicuiated  from  Eq.  (7)  using  the 
magnitude  of  the  tirst  harmonic  of  the  strain  S  i . 


IV.  EXPERIMENTAL  RESULTS 

.All  measured  values,  e.xcept  for  those  characterizing 
hyirsresis  loops  (e.g..  coercive  held  and  remnant  polar¬ 
ization  F,)  were  root-mean-square  (rms)  magnitudes.  The 
results  presented  here  were  obtained  under  alternating  eiec- 
cnc  held  without  dc  bias.  Measured  small-signal  dielectric 
and  piezoelectric  characteristics  of  PCTSH.  3203  HD.  and 
PKIff'J  ceramics  are  shown  in  Table  I.  Since  /E^ 

and  /E,„  at  a  low  level  of  E„  are  equal  to  £33  and 

d-.- .  resoectively.  it  is  convenient  to  analyze  rados 


T.aBUH  Small-signal  parameters  of  investigated  commercial  ceranucs. 
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lErn  and  £-  as  a  function  of  E^ .  Rela¬ 

tive  change  in  the  amplitudes  of  these  ratios  and  their  phase 
characteristics  as  a  funcdcn  cf  for  the  ceramics  studied 
are  shown  in  Figs.  7-9.  /£„,  and  lE^ 

were  normalized  with  respect  to  their  value  at  low  electric 
neid.  E„<30V/cm.  .\s  is  sees  from  these  graphs,  for  all 
sradied  polarized  ceramics,  die  ieid  dependencies  of  the  am- 
piirudes  and  phases  of  D\‘  and  5'./  ’  for  each  type  of  ceramic 
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was  viry  similar  in  the  range  of  '?-l.4  kV/cm.  Additional 
experiments  siiowed  chat  this  is  aiso  valid  for  electric  neids 
at  leas:  np  :o  2.1  kV/cm.  A  small  phase  shift  between  DV' 
and  S'-  ■  can  be  attributed  to  the  expenmental  limitations  in 
determining  the  strain  phase  by  means  of  the  stain  gauges. 
.Ampiirudes  ZPjJj  and  increased  almost  linearly  with  in¬ 
creasing  E.„  except  for  the  initial  part  (E^ 

<0.1  kvVcm  rms)  where  the  dependencies  were  more  com¬ 
plicated.  It  was  found  that  there  -.vas  small  hysteresis  in 
D\l^(E~,i  and  dependencies;  upon  decreasing  the 

amplimde  of  the  applied  electric  held  from  the  maximum  to 
a  small  value  (less  than  10  V7cm)  the  value  of 
and  1  0)  e.xceeded  their  ini¬ 

tial  amplitudes  by  several  percent.  The  relaxation  time  was 
on  the  order  of  dozens  of  minutes. 

.A  srucy  of  the  effect  of  dc  bias  was  also  conducted.  It 
was  fcu.id  mac  the  shape  of  funcdons  D)\^iE^)/E„  and 
5'il^l£_;/£_,  depended  signiricantiy  on  biasing  dc  electric 
field,  [f  me  biasing  electric  field  was  high  enough,  functions 
Djljf  £-.;/£.,  and  5', ”(£.„)/£-,  had  a  bell  shape,  i.e..  they 
even  decreased  at  a  certain  ampiimde  of  the  electric  field  that 
was  not  die  case  for  zero  dc  bias. 

The  fieid  dependencies  of  the  ratio  [v,(0)/i'^(£„)]"  and 
of  the  rip  dispiacemenc  of  the  piezoelectric  cantilever  I  Fig.  2) 
at  the  fundamental  resonant  frequency  of  bending  vibrations 
are  shown  in  Fig.  10.  The  measured  phase  shift  between  the 
applied  eiecmic  fieid  and  tip  displacement  was  — 75’ 
mlS’.  .As  -3  seen  from  the  figure.  [vr(0)/v,(£„)]‘  in¬ 
creased  almost  linearly  with  increasing  electric  field  except 
for  low  eiacmc  field.  From  a  comparison  of  Figs.  7-9  and 
10.  the  rieic  dependence  of  [vriOV  t'-iFn)]*  more  mod¬ 
erate  than  that  of  functions  D\„{E^)I  E,„  and 


FIG.  '0.  Fieid  dependencies  of  [y..'0  i/i'.('£,)]^  and  of  the  tip  dispiacsmeat 
at  resonance  for  PKI550  ceramic  piaie  ia  the  cantiiever  coniigtiranon.  The 
lenata  of  cantilever  is  27  mm.  the  'vidih  is  1 1  mm.  and  thickness  is  0_55 
mm. 


Frequency  dependencies  of  functions  i3^”/£,  and 
SV^'E^  in  the  range  of  10  Kz-iO  kHz  in  small  electric  fields 
(less  fiian  10  V/cm  rms)  are  presented  in  Fg.  11.  The  func¬ 
tions  were  normalized  with  .-espec:  to  their  value  at  100  Hz. 
.As  Ls  seen  in  the  figure,  the  fancaonal  dependencies  of  the 
elecudcal  displacement  and  stam  had  the  same  tendency  of  a 
slow  decrease  with  increasmg  requency.  Scattering  in  ±e 
magrrirude  of  the  strain  measured  by  means  of  the  laser  in- 
terfercmeter  was  probably  causec  by  instrumental  limitations 
and  spurious  vibrations  due  :o  ±e  sample  claming  in  the 
holder.  Despite  a  good  stabiiitv-  of  results  obtained  with  the 
strain  gauge,  it  was  found  mat  me  strain  gauge  cannot  be 


FTG.  ;  I-  Frequency  dispersion  or  the  cmoiimde  or  the  rirst  harmonics  or  die 
..••emcci  cispincement  0^  a.nd  strain  S-  .[  ow  cieeme  ' 
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FiG.  12.  Frspuency  dispersion  ot  and  DF  at  different 

eiecrts  f.eids/rms)  for  PKI3J0. 

used  at  frequencies  above  500  Hz.  This  was  caused  by  in¬ 
creasing  phase  deiay  introduced  by  the  strain  gauge. 

Frequency  dispersion  of  the  amplitudes  of  the  real  and 
imaginar.-  parts  of  for  PKI550  was  also  studied  un¬ 

der  var.ous  levels  of  the  applied  sinusoidal  field.  Since  at 
small  electric  heids  the  real  part  of  the  relative  dieleciic 
permitttviD.-  is  equal  to  (D-J^/eo'^-)cos(,<Co’)  and  the  dielec¬ 
tric  losses  are  expressed  by  Eq.  il9'.  the  electric  held  depen¬ 
dencies  of  these  quantities  were  calcuiated  and  plotted  in 
Fig.  i;.  .\s  is  seen  in  the  figure,  the  shape  of  the  frequency 
dispersion  curves  depended  on  the  amplitude  of  the  applied 
held.  Field  dependencies  of  the  normalized  amplitudes  of 
at  100  Hz  and  I  kHz  for  the  ceramics  studied  are 
given  in  Fig.  13.  .As  shown  in  the  graph,  a  nonlinear  increase 
in  the  hrst  harmonic  D:„„  at  100  Hz  was  large  than  at  I  kHz. 

The  initial  part  of  the  electric  field  dependence  of 
at  several  frequencies  and  the  corresponding  graph 


FTG.  1  S.  .-isid  dependencies  of  normalised  amplitudes  of  at  100  Hz 

anc  '  for  the  ceramics  studied. 


riG.  Initial  part  of  the  eiectnc  f.sia  iependence  of  at  several 

freocenaiis  and  the  eorrespondin?  rasa  of  -  0;|,jsini  Oj')  vs  cij 'l 

it  ICq  Hi  for  3203HD  sample. 


of  -  sinO'jj’)  vs  cosi'iiij')  at  100  Hz  for  the 
3203 HD  sample  are  shown  in  r.g.  lA  As  can  be  seen  in  the 
first  graph,  the  dependence  of  0'-^!E.„  on  at  an  electric 
neid  smaller  than  0.1  kV/cm  .had  significant  nonlinearity  and 
frequency  dispersion.  It  was  aiso  found  that  there  was  a  sig¬ 
nificant  time  instability  in  the  absolute  value  of  the  dielectric 
response  at  this  very  fine  scale.  Moreover,  hysteresis  was 
obser.'ed:  even  if  the  amplitude  of  the  eiecaic  field  increased 
from  zero  to  a  relatively  low  level  of  50-100  mV/cm.  the 
inirial  values  of  O',”  and  of  die  slope  of  changed 

during  immediate  consecutive  measurements.  Nevertheless, 
if  second  measurements  wem  repeated  for  several  hours,  the 
slope  of  OjJn’/E^  was  almost  consistent  with  that  in  the  ini¬ 
tial  measurements.  The  second  graph  of  F.g.  14  shows  that 
the  ratio  between  the  ampiirades  of  imaginary  and  real  parts 
of  was  nonlinear. 

Field  dependencies  of  amplitudes  and  phases  of  the  first 
three  harmonics  of  the  eiecnicai  displacement  for  a  3203  HD 
sample  are  shown  in  Fig.  15.  Field  dependencies  of  ampii- 
mdes  and  phases  of  the  first  and  second  harmonics  of  the 
eiecrical  displacement  for  another  3203HD  sample  are 
shown  in  Fig.  16.  It  should  be  noted  that  the  level  of  the 
■,ec3nd  and  third  harmonics  of  the  electrical  displacement 
caused  by  the  instrumental  nonlinearicies  was  at  least  three 
times  smaller  than  the  measured  values  of  and  ^3^  for 
the  ceramics  studied.  The  experimental  data  of  Figs.  15  and 
16  demonstrate  that  despite  an  increase  of  D^Jj/E,,  1.5- 1-6 
rimes  at  2  kV/cm  tms.  the  relative  level  of  the  second  and 
third  harmonics  was  less  chan  several  percent.  As  shown  in 
Figs.  15  and  16.  the  second  harmonic  was  polar  and  it  phase 
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FIG.  If.  FIsid  dependencies  or  amplitudes  and  phases  of  the  first  three 
harmonics  of  die  eiectrical  displacement  for  3203HD  sample. 


was  close  :o  -90°  or  -90°  depending  on  the  mutual  direc¬ 
tion  of  me  spontaneous  poianzation  and  electric  field.  It  is 
also  foilo'-vj  :nat  the  field  dependence  of  the  amplitude  of  the 
second  harmonic  varied  from  sample  to  sample.  Moreover. 
e.Kpenmer.tai  results  also  showed  that  the  harmonic  was  un¬ 
stable  in  time.  Surprisingly,  the  third  harmonic  demonstrated 
saturaticniike  be.havior  (Fig.  15).  The  phase  of  the  harmonic 
was  Close  :o  -90°. 


Elecmc  Field  (kV/cm  rms) 

FTG.  i6.  F=e:cl  cenendencies  of  amplitudes  and  phases  of  the  lint  and  sec¬ 
ond  harmonics  or  :he  electncal  displacement  for  another  3203HD  sample. 
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FIG.  IT.  Dependencies  of  the  irreversible  change  in  the  remnant  polariza¬ 
tion  on  me  electric  field  for  3203HD  sample. 

Dependencies  of  the  irreversible  change  IP,  in  the  rem¬ 
nant  polarization  on  the  electric  field  for  a  3203HD  sample 
are  shown  in  Fig.  17.  As  shown,  the  change  in  the  polariza¬ 
tion  took  place  even  at  electric  fields  much  smaller  than  the 
coercive  equal  to  8.6  kV/cm.  From  a  comDarison  of  die 
amount  of  ±e  changed  poiarizauon  for  sinusoidal  and  rect¬ 
angular  pulses,  the  change  in  the  polarization  depended  on 
the  amplitude  and  not  on  the  .mis  value  of  the  applied  electric 
field  ‘  for  pulses  with  the  same  duration). 

D-.-.  Z).  S\{E).  and  TilDsi  hysteretic  loops  in  I  and  13 
kV./cm  rms  for  a  3203 HD  sample  are  shown  in  Figs.  18  and 
19.  respecuveiy.  The  frequency  of  the  elecmc  field  was  10 
Hz.  .As  shown  in  Fig.  18.  5 ;  vs  D-.  was  a  linear  function  and 
there  was  no  phase  shift  benveen  a.  and  D3  while  there  was 
a  phase  shift  between  D3  and  E.  and  5.  and  5  at  I  .kV/cm 
rms.  This  is  consistent  with  phase  ahancterishcs  of  the  first 
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'5.5  kV/cra  j 
/div  I 


rIG.  19.  Dy  E).  S,{E).  3nd5|(0;)  hysterssis  loops  for  3203HD  sample  in 
jleondc  neid  13  kV/cm  rms.  The  freouency  of  the  held  is  10  Hz, 


harmonics  of  D3  and  S;  (Fig.  9).  which  demonstrated  the 
same  behavior.  This  simple  relation  between  Si  and  D-t 
broke  under  an  electric  field  that  was  higher  than  the  coer¬ 
cive  neid  (Fig.  19):  the  behavior  became  hysteredc.  It  was 
also  found  that  under  this  level  of  the  field,  hysteredc  loops 
decreased  in  time  but  they  could  be  restored  by  holding  the 
sample  under  zero  field  for  a  ame  depending  on  the  sample. 

Part  of  XRD  spectra  scan.  Cu  Kai  line)  and  their 
deconvolutions  for  poled  and  depoled  3203HD  ceramics  are 
shown  in  Fig.  20.  This  range  of  ZB  was  chosen  since  the 
tetragonal  ( T)  and  rhombohedrai  1 R)  phases  are  distinguish¬ 
able  on  x-ray  powder  dlffractograms  at  a  200/020/002  set  of 
lines.  '  The  200  refiections  form  a  doublet  in  the  tetragonal 
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rIG.  29.  Part  of  XRD  spectra  (29  scsai  ond  their  deconvolutions  for  poled 
and.  depoled  3203HD  ceramics. 


phase  while  200  is  a  singlet  in  the  rhombohedrai  phase.  .A.s  is 
seen,  from  the  results  of  the  deconvolution,  there  was  a  triplet 
at  me  200/020/002  set.  Therefore.  3203HD  ceramics  had  the 
chemical  composition  at  the  .Tiorphotropic  phase  boundary 
(MPB)  since  both  tetragonal  and  rhombohedrai  phases  were 
presented  in  the  ceramics.  Calculated  from  the  data  the  c/a 
ratio  for  the  tetragonal  cell  was  equal  to  1.0133.  Comparison 
of  XRD  spectra  for  depoled  and  poled  ceramics  showed  that 
there  was  a  significant  amount  of  90®  domain  walls  in  the 
temagonal  phase  of  the  poled  ceramics  since  the  200  T  line 
did  not  disappear  upon  poling  the  sample. 


V.  DISCUSSION 


Ln  the  discussion  of  the  e.xperimental  data,  it  is  conve¬ 
nient  CO  begin  from  the  mathematical  analysis  of  field  deoen- 
dencies  of  the  electrical  displacement  Dj  and  strain  Sj .  This 
makes  it  possible  to  find  an  adequate  mathematical  descrip¬ 
tion  of  the  e.\perimental  datx  Then,  physical  causes  of  the 
observed  behavior  of  the  eiecnomechanical  propenies  of  die 
soft  piezoelectric  ceramics  under  the  sinusoidal  electric  neid 
are  analyzed. 

A.  Nonlinear  model 


.A.S  seen  from  Figs.  7-9  and  13-16.  field  dependencies 

of  IE„  and  /E„  for  all  soft  piezoeiecmc 

ceramics  studied  show  an  almost  linear  increase  with  in¬ 


creasing  amplitude  of  the  sinusoidal  electric  field  e.xcept  for 
low  electric  fields  (Fig.  14).  Relative  values  of  the  second 


harmonic  of  the  electrical  displacement  D  also  demonstrate 


almost  linear  dependence,  while  the  third  harmonic  of  the 
eiecaicai  displacement  D-,  shows  a  saturationlike  behavior 
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(Figs.  15  and  16).  MachemacicaJ  analysis  of  these  dependen¬ 
cies  can  provide  information  as  to  whether  nonlinear  or  hys- 
ceretic  models  are  adequate  for  describing  the  electrome¬ 
chanical  properties.  As  follows  from  the  nonlinear  model  of 
the  held  dependence  of  5]  and  D;  under  stress-free  condi¬ 
tions.  [Eqs.  {~)  and  (7)],  corresponding  dependencies  can  be 
wrinen  as 

5j  /?33|£'  +  f?333i£'  , 

As  follows  trom  the  spectral  analysis  of  Eq.  (21)  for  sinu¬ 
soidal  applied  electric  field  £=£„  sinfcjt),  the  first  three 
harmonics  of  5 1  and  253  ("ot  including  the  dc  component) 
can  be  written  as 

3  , 

S'l  -  d:i-- £333, £;-•••{£,  sin(tur), 

(22) 

f  £33, £„-“•■•)'£„  sini  Itof--), 


5'./  ’  =  T  £  333 1£^  d-  •  •  •  E„  sini :  rut  -  tt)  , 


^3‘  =  4  4334- iini  cur) 

Dr  =  r  sin:  Iwr-q-j, 


T  sinijijr-n-). 

As  seen  from  Eqs.  (22)  and  (231.  the  series  in  brackets  con¬ 
sists  of  odd  cowers  of  £„  for  even  harmonics  and  of  even 
powers  of  £_  for  odd  harmonics  of  5.  and  D^.  Keeping 
only  r.vo  firs:  terms  in  the  series  e.xpansion  of  the  harmonics 
of  Dz .  corresponding  appro.ximating  .iinctions  can  be  writ¬ 
ten  as 

- 

___.  _  ^  (2-r) 

<£>3m  '^■3-Oll£„ 

03m  ~  2o-Q;i4 

where  a,  are  fitting  parameters.  Thus,  five  constant  param¬ 
eters  are  used  for  approximation  of  the  amplitudes  of  the  first 
three  harmonics  of  £>3  with  polynomials.  Fitting  experimen¬ 
tal  data  of  F.g.  15  for  the  first  three  harmonics  of  D-^  accord¬ 
ing  CO  Eq.  '20.1  is  shown  in  Fig.  21.  Clearly,  the  functional 
dependencies  of  me  first  and  third  harmonics  do  not  describe 
satisfactoniv  the  e.xperimental  data.  The  first  equation  in  set 
(2-i,i  corresponds  to  a  quadratic  dependency  while  experi¬ 
mental  data  for  lEn,  demonstrate  an  approximately 

linear  deoendence  of  the  amplitude  on  the  applied  electnc 
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FIG.  21.  Fitting  nonlinear  model  to  e.sperimental  amplitudes  of  the  first 
three  harmonics  of  Dj  for  3203HD  sample  iFig.  15). 


field  e.xcept  for  low  electric  fields.  .Moreover,  as  seen  from 
Eqs.  (22)  and  (23),  the  fact  that  ±ere  are  no  losses  in  the 
nonlinear  model  of  and  contradicts  ex¬ 

perimental  results,  which  showed  a  steady  increase  in  ±e 
phase  shift  with  increasing  amplitude  of  the  electric  field 
iFtgs.  5.  and  14-16).  The  nonlinear  function  for  approxi- 
madng  me  third  harmonic  [last  equation  in  set  (24)]  departs 
significantly  from  the  experimental  data.  In  addition,  the 
phase  of  me  third  harmonic  according  to  the  model  should  be 
-m  [Eq.  ‘23)]  while  the  e.xperime.ntal  values  are  close  to 
-nr2  'Fig.  15).  Using  Eqs.  (5).  (Ti;.  and  (12).  it  can  be  also 
shown  mat  for  the  nonlinear  mode;  die  relative  change  in  the 
resonant  frequency  squared.  fv^COi/v^l  £,„)]*.  is  described 
by  a  quadratic  law  sinmar  to  one  for  D'2^/E,„  and  S'^^l£„ . 
Nevertheless,  corresponding  i.xperimental  data  (Fig.  10) 
demonstrate  approximately  linear  dependence.  Thus,  as  fol¬ 
lows  from  the  analysis  conducted  above,  the  nonlinear  model 
does  not  provide  an  adequate  description  of  the  electric  field 
dependencies  of  the  studied  eiecTomechanicai  properties  of 
me  soft  piezoelectric  ceramics  under  stress-free  conditions. 

B.  Hysteretic  model 

As  was  discussed  in  Sec.  I.  a  .hysteretic  model  can  be 
suggested  as  an  alternative  for  describing  the  behavior  of  the 
soft  piezoelectric  ceramics  under  applied  electric  field.  The 
main  peculiarity  of  hysteresis  is  muitivaluedness  in  func¬ 
tional  dependencies.  It  should  be  noted  that  from  the  math¬ 
ematical  ’.‘iewpoint  the  nonlinear  model  is  a  panial  case  of 
±e  hysteretic  model. 

.As  was  shown  in  Sec.  II.  Eq.  1 14)  is  the  most  general 
hysteretic  function  which  can  characterize  electric  field  de¬ 
pendencies  of  £>3  and  S,  under  stress-free  conditions.  There 
is  an  experimental  confirmation  that  soft  piezoelectric  ceram¬ 
ics  demonstrate  hysteretic  behavior  in  the  electric  field.  As 
follows  from  Fig.  17,  an  irreversible  change  AF,  in  the  rem¬ 
nant  polarization  takes  place  in  the  periodic  electric  field  that 
is  much  smaller  than  the  coercive  one  iFtg.  17).  This  irre¬ 
versible  change,  i.e..  hysteretic  process,  contributes  to  the 
obser-'ed  increase  in  the  amplitude  and  phase  delay  of  har¬ 
monics  of  D-i  with  increasing  eiectnc  field.  A  qualitative 
analysis  regarding  the  correlation  in  the  behavior  of  D-,  and 
2.P  will  be  given  later. 
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We  begin  from  the  analysis  of  che  second  equation  in  set 
( .\ssutning  that  the  dependence  D',{E)  is  hysteretic.  and 
neglected  by  ffequency-reiaied  hysteresis,  one  arrives  at  the 
model  of  the  static  hysteretic  transducer.’®  According  to 
Mayergoyz.’®  there  are  two  types  of  static  hysteretic  trans¬ 
ducers:  one  with  local  memory  in  which  the  past  e.xerts  its 
induence  upon  the  future  through  ±e  current  value  of  output 
le.g..  D ;  and  one  with  noniocai  memories  in  which  furore 
output  values  depend  not  oniy  on  its  current  value  but  on 
pas:  e.xreme  values  of  input  le.g..  £)  as  well.  Etperimentai 
data  for  piezoelectric  ceramics' '■  demonstrate  the  e.xistence 
of  crossing  and  panially  coincident  minor  D'^{E)  loops.  Tnis 
suggest  mat  the  funire  Dj  value  is  not  uniquely  specined  by 
current  values  of  Dy  and  E.  rnus.  it  is  reasonable  to  consider 
ciezceiectric  ceramics  as  hysteretic  transducers  with  nonio¬ 
cai  memory. 

Since  e.xperimental  hysteresis  loops  Dy(E)  and  S-j  E";  at 
eiecric  deids  much  smaller  man  the  coercive  Seld  have 
rather  simple  geometrical  shapes  'Fig.  18).  truncated  Tay¬ 
lor's  series  can  be  used  for  describing  ascending  and  de¬ 
scending  branches  of  the  loops  'Fig.  211): 


D-‘..  a' E-3'‘E--  f  E\ 

(15) 


Di-  E'.  =  Dj{0)r-a-‘E~:3''E--y‘EK 

where  a.  0,  and  y  are  functions  depending  on  the  corre¬ 
sponding  sequence  of  past  e.'ctremum  values  of  the  electric 
neid;  superscripts  "u"  and  "J"  describe  ascending  and  de¬ 
scending  branches  of  D;,  respectively  (Fig.  22).  Clearly, 
scram  5  ■.  can  be  described  by  che  equations  analogous  to  Eq. 
1 25 


D-  £  I  =  D‘f(0) —( ail"  ir- £.,)£  — 


up. 


In  che  periodical  electric  field  with  two  extreme  values 
~  E.„  and  -f-E^ ,  the  following  initial  conditions  are  fulfilled 
for  steady-state  hysteresis  loops: 

D%{E,„)  =  Di{E„), 

(26) 

DV(-EJ  =  D^(-Ej. 

In  addidon.  in  this  case  a.  £.  and  y  are  functions  of  E„  only. 
Using  Eq.  (26),  Eq.  (25)  reduces  to 


D,(£)  =  D^(0)  +  a(EJ£-  ytEjE' 
j  up. 

'‘([;3“(EJ-/(EJ]E^ri/3<'(E,)E^  down. 


at  E.„)  =  a‘‘=a‘^, 

(28) 

y<  £,.„)  =  y“=y‘^. 

rnus.  as  seen  from  a  comparison  of  Eqs.  (21)  and  (27).  che 
Eaylor's  expansion  coerficients  in  the  hysteredc  model  be- 
:ome  a  function  of  E^  and  die  relation  between  Dy  and  E 
cecomes  a  multiple  valued  function.  Fourier’s  analysis  of 
'.armonics  of  Dy  for  che  hystereric  model  (27)  with  E 
*=  £„  sin(  atr)  gives 

E“fE  ') 

-  ^  El 


D'y' '  =  [at  E.„)  -  t  /'  E.„j]E^  sim  wr) 


-  —  [-/3''(2..’-.i"{£’,J]E,;  cost  wr), 

J  n 


0T’  =  K/3-'(EJ-£‘!E.;]E;  sin  2wf-^  . 


D'y  '  =  -  r  y(, sini wr) 

-  [  -  E-l  E, )  - ,S“( E,J  ]£;  cos(  3  wr ) . 

In  terroelectrics  such  as  soft  piezoelectric  ceramics,  which 
hava  a  significant  amount  of  domain  wails  and  very  complex 
elastic  boundary  condidons.  it  is  reasonable  to  assume  that 
functions  oc{E„).  /3(E.„).  and  '/{£„)  are  nther  smooth  and 
are  well  described  by  truncated  Taylor’s  series  at  amplitudes 
of  the  electric  field  much  smaller  than  the  coercive  one.  As- 
'Oming  that  y(E.„)sO  and  e.xpanding  a(E„)  and  f3(E„)  in 
Taylor's  series  and  using  only  the  first  two  terms  in  these 
series.  Eq.  (27)  reduces  :o 


;El-il3‘i^l3‘[EJE-.  down. 
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aaa? 


where  a,,  0r).  and  jBi  are  die  expansion  constants.  It 
can  be  shown  that  Eq.  (2)  introduced  by  Lord  Rayleiah  for 
describing  the  hysteresis  in  magnetic  media  is  a  partiai  case 
of  Eq.  1 30'  when  the  reference  !evei  and  it’s  change  in  the 
electric  held  are  neglected  in  both  equations  and  = 
a,  =  :J:5=-2y8;(  =  ^;f,  and^“=,3f  =  0. 

Corresponding  to  Eq.  f30)  the  first  four  harmonics  (.in¬ 
cluding  me  dc  component)  are 


D'>''  =  D‘.;(0)- 


DV  =(  ao  +  a[£j£«  sinicufi 
d 


-  — cos(ajr), 


sin:  2tur-  j] . 


(31) 


D 


{0\;>^0\''E„)E-, 


lllr- 


sini  3wr- 


where 

-3’f  £.  =  /3^/3t£.-l2h-£f-/3f£„, 

(ca) 

Thus,  He.  -311  can  be  considered  as  a  first  order  approxima¬ 
tion  for  describing  harmonics  of  r.e  hysteresis  dependence 
of  O;  on  me  sinusoidal  electric  neid  £®  £.„  sini  cor).  A  set  of 
equations  analogous  to  Eq.  i3i'  can  be  also  written  for 
5 .  (  £ ; .  .A.i  is  seen  in  Eqs.  ( 29 '  and  ‘  3 1 ).  there  is  a  phase 
delay  in  the  first  harmonic  D-:  .  which  appean.  owing 
to  the  hysteresis.  It  should  be  noted  mat  in  the  type  of  hys¬ 
teresis  loop  schematically  presented  in  Fig.  12.  3“iE„)>0 
and  S"?  £._ ;  <  0.  Therefore,  the  pnase  of  the  first  harmonic  is 
aiways  negative.  The  sign  of  the  phase  of  the  second  har¬ 
monic  depends  on  the  sigh  of  the  sum  3'’{E,„)-^ 3'‘{E„). 
Depending  on  the  mutual  direction  of  the  remnant  polariza¬ 
tion  and  the  applied  electric  field,  the  sum  can  be  positive  or 
negative.  The  sign  of  the  third  harmonic  phase  can  be  nega¬ 
tive  or  positive,  but  for  the  dependence  represented  by  Eq. 
(30)  it  should  be  --r/2.  Thus,  in  the  first  approximation  the 
phase  shift  of  the  second  harmonic  is  r  m'2  and  of  the  third 
one  is  -m-2  [Eq.  (31)].  This  qualitadve  analysis  of  phase 
characteristics  of  the  first  three  harmonics  of  Dj  is  in  agree¬ 
ment  with  the  experimental  data  of  Figs.  15  and  16.  It  should 
be  noted  that  the  nonlinear  model  [Eqs.  i2I)-{23)]  fails  to 
explain  the  phase  shift  in  the  tint  harmonic  and  gives  a 
wrong  phase  of  the  third  harmonic. 

.As  follows  from  Eq.  (29).  DV.,  sin(i5oVD3^;]sin(ccQ'; 
=5  and  corresponding  values  calculated  from  the  experimen¬ 
tal  data  of  r:a.  15  are  given  in  Fig,  23.  The  theoretical  value 
is  smaller  than  the  experimental  ratio,  which  equals  approxi¬ 
mately  13.  '-Vs  assume  that  the  discrepancy  is  related  to  the 
limited  accuracy  of  the  presentation  of  the  hysteresis  by  the 
cubic  poiyncmials  in  £[Eq.  (25'].  whic.n  gives  the  hysteretic 
part  ."eoresented  by  quadratic  terms  in  Eq.  (27).  Analysis 
shows  that  :f  t.he  hysteretic  parr  of  the  dependence  Oji  £>  j.s 
described  pv  tne  term  including  £“  only,  the  r  rio 


>t 
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D'-}^  sitKqooV^Ss'nf'Fo')  ^  "oaal  to  21.  which  is  larger 
chan  the  e.xperimental  value.  Tnererbre,  polynomial  £;.(£), 
which  includes  terms  up  to  the  fourth  power  of  £.  should 
give  a  .much  bener  approximadon  for  *e  third  harmonic, 
since,  in  this  case.  ±e  hysteredc  part  of  the  dependence  is  a 
combination  of  terms  containing  £*  and  £'‘.  To  overcome 
the  discrepancy  in  the  presentation  of  the  third  harmonic 
D  j:, .  ±e  harmonic  can  be  approximated  by  the  funcrion 
prcpontonal  to  the  corresponding  pan  in  the  first  harmonic. 
Therefore  the  last  equation  in  the  set  (31)  transforms  to 


Dy  =,£;,^'’(/3|,"-/3',"£^;£;  sinj  3a>f-^).  (33) 


Finaily.  taking  into  account  die  fact  that  the  phase  of  the  first 
harmo.nic  is  relatively  sraail.  die  following  set  of  approxima¬ 
tion  funcrions  can  be  written  for  die  hysteretic  model  [for  see 
comparison  Eq.  (24)]; 


Dri- 

SQro-ar|£„. 


(  371^0  -,3V '£.,)£. ] 


^  '  ss 

-arctanl  - r - 

-/ 

“o-^Q:i£,„ 

tifQ  *1*  Qf[  £„j 


(34) 


Thus,  se'.'en  parameters  describe  first  three  harmonics  of  D; 
(including  the  phase  of  D^')  in  the  model  of  the  hysteresis 
transducer.  It  should  be  noted  that  Eq.  (33)  for  the  third 
harmonic  does  not  follow  from  Eq.  i30).  Fitting  Eq.  (34)  to 
the  e.xperimental  data  of  Fig.  15  is  shown  in  Fig.  24.  As  is 
seen  from  the  graph,  there  is  a  good  agreement  between  the 
hysteretic  model  and  the  experiment  except  for  low  electric 
fields.  L'sing  results  of  the  fit  parameters,  the  hysteresis  loop 
[Eq.  f30)j  can  be  restored.  From  the  loop,  the  irreversible 
change  in  the  remnant  polarization  AP,  during  one  cycle, 
wnic.h  is  equal  to  (3n'''/3|’£.„-.j1(-/3fi£..,)£,^  [.see  Eq.  (30)] 
can  be  round.  Calculated  AP  is  in  good  agreement  with  the 
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Electric  Held  (Kv/cm  rms) 

FIG.  14.  Flcbbg  hystersric  mode!  to  e.rperimental  amplitudes  ot  the  tirst 
three  hartuctucs  ot  D-.  for  3203HD  sample  'Fig.  151. 


measured  results  using  the  sinusoidai-pulse  technique  (Fig. 
IT'.;  the  discrepancy  does  not  exceed 

Thus,  analysis  of  the  hysteretic  model  of  D-%(E)  con¬ 
ducted  abo\-e  demonstrates  that  the  model  is  a  very  good 
approximation  for  describing  the  behavior  of  the  electrical 
dispiacement  £);,  under  the  high  electric  held  and  stress-free 
conditions.  .A.  simplification  of  the  hysteresis  loop  can 

be  made  since  despite  a  significant  change  in  the  dc  compo¬ 
nent  and  first  harmonic  with  increasing  electric  field,  the 
relative  le'.-el  of  the  second  and  third  harmonics  does  not 
exceed  several  percent  (see  Figs.  15-lT).  Therefore.  Eq.  (30) 
reduces  to 

£? 3 1  £■'  =  of  (£,„)- O'/ '(£„}.  £  =  £.,  siniwf).  (33) 

Tnus.  the  dielectric  response  of  the  soft  piezoelectric  F’ZT 
ceramics  to  the  applied  sinusoidal  electric  field,  which  is 
smaller  than  the  coercive  one.  basically  consists  of  two  com¬ 
ponents;  the  dc  pan  and  ac  pan  at  the  same  frequency  u>. 
Usually  since  only  the  first  harmonic  is  of  imponance. 
changes  in  the  remnant  polarization  level  can  be  omitted  and 
compie.x-function  formalism  can  be  used  for  describing  the 
dielectric  response: 

0/,=  sU(£J£,„.  (36) 

where  D  is  the  complex  amplitude  of  the  ac  component  of 
the  elecmicai  displacement  along  the  polar  axis,  and  ef-C  £„,) 
is  the  ccmpiex  dielectric  permittivity  in  the  sinusoidal  elec¬ 
tric  field,  which  is  approximately  given  by  [see  Eq.  (3d)] 


where  -a-,  practically  coincides  with  small-signal  dielectric 
pe.’Tnirtf.  :r.-.  It  should  be  noted  that  Eq.  (37)  is 

•■and  or.:;.'  tor  the  ca.se  when  no  dc  bia.s  is  applied  (The  elec¬ 


tric  field  changes  from  -E„  to  -E„).  With  the  dc  bias 
apolied.  function  e^i(E„)  can  differ  from  that  described  bv 
Eq.  (37). 

.-Vs  seen  from  Figs.  7-9  there  is  a  strong  correlation  be¬ 
tween  pairs  IE„  and  /E„  for  all  ceramics 

studied  in  electric  fields  0-1.4  icV/cm  rms.  Therefore,  the 
suggested  hysteretic  model  should  be  also  valid  for  function 
S,(E)  in  this  range.  Corresponding  to  Eq.  (36)  the  strain- 
tie  id  relation  under  stress-free  conditions  is 

5r„  =  d3,(£J£„.  (38) 


where  ST„  is  the  complex  ampiitude  of  the  ac  component  of 
the  mechanical  strain  in  the  direcfion  perpendicular  to  the 
polar  axis  and  d3i(£„)  is  the  complex  piezoelectric  coeffi¬ 
cient  in  the  sinusoidal  electric  field:  the  coefficient  is  ap- 
pro.ximately  described  by  the  function  directly  proportional 
to  the  right  pan  of  Eq.  (37).  Thus,  -as  follows  from  Eqs.  (36) 
and  (33).  e.xperimeataily  measured  complex  functions 

/£^ and5',Ije-''“!  /£^(ieeFigs.7-9andll-l4)are 
equal  'to  complex  dieiecnfic  £]-.{£„)  and  piezoelectric 
dx-^E.^  t  coefficients,  respecfively. 

It  is  also  reasonable  to  assume  diat  the  behavior  of  elas¬ 
tic  properties  of  soft  piezoeiecric  ceramics  is  of  the  hyster¬ 
etic  r/pe  and  mechanicai  compliance  sfi(E„)  is  described  by 
a  formula  similar  to  Eq.  (37).  Tnerefore.  the  first  harmonic 
should  be  dominant  in  the  ac  component  of  the  mechanica 
response  and  should  increase  lineariy  with  increasing  ampii¬ 
tude  of  the  elecnic  field.  Tnerefore.  ±e  fundamental  resonan 
frequency  of  bending  vibrations  'cnder  stress-free  condition: 
instead  of  Ea.  (12)  is  described  :v 


1.375-  f,  1 

\3!sr|i,£,,;!p 


where  sr,(£,^)|  is  the  ampiitude  of  the  elastic  coefficient 
.-\s  follows  from  Fig.  10.  |si,i£...;  increases  almost  linearl; 
with  increasing  electric  field  that  is  consistent  with  the  sug 
gested  hysteretic  model.  The  field  dependence  of  the  ampii 
mde  of  j  m('£,.„)  is  more  gradual  dian  that  of  €”(£„)  anc 
d-.-.\E^).  For  example,  for  P5CL550  ceramics,  as  follows  fron 
Fig.  “  and  Eq.  (37).  |ej,(£,„)/eT3\0)js0.98l-i-0.251£.„  am 
as  follows  from  Fig.  10  and  Eq.  (39).  |sf,(£,„)/jfj(0 ) 
s 0.998 -0.097£,„.  where  £.,  is  in  kV/cm  rms.  Therefore 
the  slope  of  the  function  is  about  40%  of  that  c 

€331  E^j  for  these  ceramics. 

Tnus.  the  analysis  conducted  above  strongly  supports  th 
hypothesis  that  hysteresis  is  the  cause  of  the  high  field  be 
havior  of  the  soft  piezoelectric  ceramics.  Previous  works'^' 
vcggested  that  the  dependence  of  piezoelectric  coefficien 
;n  applied  mechanicai  stress  is  also  of  hysteretic  type.  As 
logical  sequel  to  this,  it  can  be  assumed  that  under  simuit: 
neous  action  of  the  electric  field  and  mechanical  stress,  tf 
electromechanical  response  of  the  ceramics  will  be  esse: 
tially  of  the  hysteretic  type.  If  sinusoidal  electric  field  is  ai 
piled  along  the  Z  axis,  and  sinusoidal  mechanical  stress  ac 
alons  the  K  axis,  the  following  <et  of  equations  may  approx 
Tiacely  describe  the  electromechanical  response; 
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(40^ 

D  ~~  \  m)T  \  m~  ,T'^„)E„  , 

where  T ■ ..  is  the  amplitude  of  the  mechanical  stress,  dc  com¬ 
ponents  are  not  included  in  set  It  should  be  noted  that 
there  is  a  pnncipal  difference  between  Eqs.  (5)  and  (6)  cor¬ 
responding  to  the  nonlinear  model  and  Eq.  (40)  describing 
the  hysterenc  model.  First.  Eq.  de,scribes  relations  be¬ 
tween  comple.x  amplitudes  while  Eqs.  ('5)  and  (6)  are  related 
to  instant  values.  Second,  in  the  nonlinear  model,  a  signili- 
cant  increase  in  the  first  harmonic  of  the  electromechanical 
response  implies  a  corresponding  significant  increase  in  ±e 
amplitude  of  higher  odd  hannonics  [see.  for  example.  Eq. 
(24)].  This  is  not  a  true  for  the  .hysteredc  model  (40)  in 
svhich  only  .first  harmonics  are  taken  into  account  since  e.x- 
periments  show  chat  higher  harmonics  are  not  significant  at 
eiecnfic  fields  lower  than  the  coercive  one. 

Before  proceeding  with  the  analysis  of  the  physical  rea¬ 
sons  for  the  observed  hysteretic  behavior  of  soft  piezoelectric 
ceramics,  se'.'eral  imponant  remar.ks  regarding  limitations  of 
the  developed  hysteretic  model  should  be  made.  The  sug¬ 
gested  hysteretic  model  is  of  a  static  n.'pe.  i.e..  it  does  not 
take  into  account  the  frequency  dispersion  of  electrome¬ 
chanical  characteristics  of  the  ceramics.  Experimental  data 
(Figs.  1 1 _ demonstrate  that  there  is  a  small  freque.ncy 
dependence  in  the  measured  elecnicai  displacement  D-j  and 
.mechanicai  strain  Sp  the  frequency  dispersion  is  also  a 
funcnon  of  ±e  electric  field.  E.'ccerimental  data  also  show 
'Fig.  i4i  that  there  are  peculiarities  in  the  behavior  of 

&  ..}  at  low  electric  fields  that  are  not  described  by  Eqs. 
(37)  and  ‘—'j'.  Finally,  according  to  Eq.  <27)  the  phase  of  the 
dielectric  permittivity  approaches  zero  at  low  elec¬ 

tric  fields,  while  corresponding  e.xpenmental  values  fall 
■.vithin  the  range-' 0.2®- 1.0°)  (see  rig.  Thus,  there  are 
dielectric  losses  having  nonhystereiic  ongm  that  ore  not  in¬ 
cluded  in  the  suggested  hysteretic  raodei.  .Vevenheiess.  the 
hysteretic  .—ocei  describes  the  main  pecuiianties  of  studied 
electromechanical  propenies  of  soft  piezceiectric  ceramics  at 
high  electric  fields. 

C.  Physical  models 

In  uhis  section,  possible  physical  mechanisms  of  the  ob- 
ser.’ed  cehas’ior  of  soft  piezoelectric  ceramics  under  the  elec- 
ric  fieid  wiil  he  analyzed.  .4s  is  seen  from  Figs.  7-9  and  the 
corresponding  hysteretic  model  [Eqs.  i.'ot  and  (38)]  there  is 
a  strong  correlation  between  comple.x  dielectric  «]",( E^)  and 
piezceiectric  i;;(  E^)  coefficients  for  ail  ceramics  studied  in 
the  electric  .fieid  of  0-1.4  kV/cm  rms.  The  data  of  Fig.  1 1 
demonstrate  that  frequency  dependencies  of  ey^(E,„)  and 
d-.[i E~)  are  also  similar.  .As  is  seen  from  a  compari.son  of 
Figs.  7  and  10  and  Eqs.  (36).  (38).  and  i39).  the  fieid  depen¬ 
dence  of  the  amplitude  of  jrf|(£,„)  is  more  gradual  than  that 
f  and43!(£,„).  Comparison  of  03(£),  £((£).  and 

.-'b-.i  hysteresis  loops  (Figs.  18  and  19)  also  shows  chat 
there  is  a  linear  relation,  without  phase  shift,  between  D-^  and 
5;  in  the  eiectric  field  of  1  kV/cm  rms.  In  electric  fields 
higher  than  the  coercive  one  the  correlation  breaks  up:  the 
elecrncai  dispiace.ment  D-,  and  strain  5.  behave  in  a  very’ 
different  .manner  'Fiu.  19). 


One  possible  explanation  of  the  observed  behavior  of  the 
electromechanical  propenies  of  the  ceramics  is  based  on  the 
model  of  the  domain  wall  and  interphase  boundary  motion. 
.According  to  this  approach,  the  reorientation  of  the  sponta¬ 
neous  polarization  of  microscopic  domains  under  applied 
eiectric  field  contributes  to  the  dielectric,  piezoelectric,  and 
elastic  response  of  the  media.'’''*’"'  This  extrinsic  contribu¬ 
tion  CO  the  electromechanical  propenies  was  estimated  to  be 
especially  significant  for  soft  piezoelectnc  ceramics.'^'  XRD 
data  (Fig.  20)  show  that  the  ceramics  studied  consist  of  a 
mi.xture  of  tetragonal  and  rhombohedral  phases.  180°  polar¬ 
ization  switching  in  both  phases  does  not  produce  a  change 
in  the  three-dimensional  strain.  Tie  angle  characterizing  the 
rhombohedral  ceil  is  very  close  to  90°  in  PZT  ceramics  at 
MPB.“  therefore  71°  or  109°  polarization  reorientation  in 
this  phase  also  does  not  produce  a  significant  change  in  the 
space  position  of  the  domain.  Thus,  the  above  discussed  do¬ 
main  processes  can  contribute  mainly  to  the  dielectric  re¬ 
sponse  in  PZT.  90°  polarization  reorientation  in  the  tetrago¬ 
nal  state  and  the  tetragonai/rhomoohedrai  phase  boundary 
motion  can  contribute  significantiy  to  both  dielectric  and  pi- 
ezoelecrric  responses  since  the  poiarization  change  is  accom¬ 
panied  by  a  significant  (up  to  seve.-ni  percent)  change  in  the 
domain  dimensions  along  certain  directions.  This  domain  re- 
onentaticn  also  causes  mechanicai  stress  in  the  media  that 
finally  produces  an  apparent  change  in  the  elastic  properties. 
Tnerefore.  according  to  the  modei  based  on  the  polarization 
reorientation,  an  increase  in  the  90°  and  tetragonal/ 
nfiombohedral  polarization  reorientation  should  be  respon¬ 
sible  for  an  observed  increase  in  e'f,i£„).  £;;(£„).  and 
jfi;-  £... ;  with  increasing  electric  fieid.  Clearly,  hysteretic  be¬ 
havior  of  the  electromechanical  characteristics  is  also  a  result 
of  :.he  poiarization  reonentation.  ’’•'^lien  the  eiectric  field  is 
sufficiently  high.  180°.  71°.  and  109°  polarization  switc.hing 
prcbabiy  becomes  dominant.  Tnererore.  D'.xE')  and  5'|(£). 
uniike  for  fields  smaller  than  the  coercive  one  (Fig.  18).  be- 
ha'-’e  in  a  different  manner  (Fig.  19'.  it  is  rather  difficult  to 
develop  a  corresponding  qualitative  mathematical  model 
since  it  should  take  into  account  the  polarization  reorienta¬ 
tion  in  aumerou.s  domains  with  corresponding  complex  mi¬ 
croscopic  boundary  conditions.  It  should  be  noted  that  it  is 
unclear  from  the  model  of  the  domain  wall  motion,  why 
functions  e\-SE„)  and  dy^E^)  uncer  zero  bias  behave  in  a 
similar  manner  as  follows  from  the  experimental  data.  In 
general.  90°  and  tetragonai/rhombohedrai  polarization  reori¬ 
entation  should  not  necessarily  contribute  equally  to  the 
change  in  the  dielectric  and  piezceiectric  functions. 

Soft  piezoelectric  PZT  ceramics  consist  of  numerous 
grains  with  extremely  complicated  domain  structure  and  pos¬ 
sess  vary.’  high  electromechanical  coupling.  Thus,  the  appli¬ 
cation  of  eiectric  fieid  to  the  ceramics  can  cause  a  change  in 
the  internal  .mechanical  stress  acting  on  a  microdomain  since 
this  .microdomain  and  its  surrounding  matrix  may  have  a 
different  orientation  of  their  polar  axes.  This  change  in  the 
mechanical  stress,  in  turn,  can  affe’c:  macroscopic  electrome¬ 
chanical  characteristics  ot  the  ceramics.  Tierefore.  a  model 
can  be  suggested  in  which  the  obserx’ed  changes  in  the  elec- 
cromechanicai  properties  of  the  ceramics  are  attributed  to  the 
cha.age  m  'he  microscopic  mechanicai  stress  acting  on  tcirag- 
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ondl  djid  rhombohedrai  microccmains  because  of  the  applied 
electric  held.  The  stress  is  a  result  of  the  interaction  of  a 
microdomain  with  surrounding  grains  and  domains.  Kyster- 
etic  behavior  of  the  electromechanical  characteristics  is  prob- 
abh'  caused  by  the  hysterecic  nature  of  this  interaction  since 
mechanical  propenies  of  the  suriace  of  grains  differ  from 
chose  of  the  microdomains.  Caiculations  based  on  the  ther- 
miodynamic  theory^'"’  of  the  te.moelectric  state  of  PZT  ce¬ 
ramics  with  composition  on  me  morphotropic  phase  bound¬ 
ary  show  that  compressive  and  tensile  stress  on  the  order  of 
10-20  MPa  can  cause  a  corresponding  change  in  elecmome- 
chanicai  properties  of  ceramics  on  the  order  of  10^ — l-O'rt. 
This  value  of  the  mechanical  stress  as  well  as  corresponding 
changes  in  piezoelectric,  dieiecmc.  and  elastic  properties  are 
quite  reasonable  for  the  soft  PZT  ceramics.  This  model  is 
appiicable  only  if  the  amplitude  of  the  electric  lield  is 
smaller  than  the  coercive  tieid.  For  fields  grater  than  the 
coercive  field,  polarization  switching  should  dominate  (Fig. 
19 '.  It  should  be  noted  that  me  effect  of  the  internal  static 
mechanical  stress  was  suggested"'"*  as  being  responsible  for 
me  high  dielectric  permitnvir.-  of  fine-grained  BaTiO;.  ce¬ 
ramics  and  the  theory  was  proved  correct  experimentally 
Nevertheless,  at  the  present  levii  of  knowledge  of  the  physi¬ 
cal  properties  of  soft  PZT  cermrics.  it  is  impossible  to  deter¬ 
mine  which  model — chat  of  me  domain  wall  motion,  that  of 
of  me  internal  stress,  or  that  of  their  combination — is  valid. 

Vi.  SUMMARY  AND  CONCLUSIONS 

In  this  work,  expe.rimer.ta:  and  theoretical  studies  of  the 
behavior  of  dielectric,  pieaoeiectric.  and  elastic  characteris¬ 
tics  or  commercial  soft  piecoeiectric  P2IT  ceramics  in  the 
sinusoidal  electric  tieid  applied  along  the  poling  direction 
under  mechanical  stress-free  conditions  in  the  frequency 
range  10  Hz- 10  kHz  were  conducted.  E.xperimentai  results 
demonstrate  that  amplitudes  and  phases  of  the  harmonics  of 
.'eiative  strain  S\"/E.„  and  of  reiative  electrical  displacement 
D-:  increase  similariy  won  increasing  amplitude  E-, .  if 

the  amplitude  is  less  chan  coercive  field,  .-kn  increase  in  the 
square  of  resonant  frequency  of  eiectromechanically  de¬ 
coupled  bending  vibrations  more  moderate.  Tnese  ampli¬ 
tude  dependencies  are  very  weil  described  by  linear  func- 
rions  e.xcept  for  small  elecmic  fields.  Relative  amplitude  of 
the  second  harmonic  of  :he  electrical  displacement. 

.  which  is  polar,  oiso  increases  almost  linearly  with 
increasing  E,„ .  The  relaiive  third  harmonic  Oy,^/ dem¬ 
onstrates  saturationlike  behavior.  Based  on  these  experimen- 
tai  data  a  novel  model,  in  whioh  the  ceramics  are  considered 
to  behave  like  a  hysterecic  transducer,  is  developed.  This 
approach  makes  it  pos.sibie  :o  to  model  hysteretic  dependen¬ 
cies  of  the  electromech-anicai  characteristics  and  to  relate  di- 
rectiy  electric  field  dependencies  of  complex  piezoelectric 
coefficient  and  5V'  E..,.  of  complex  dieiecnic  per- 

.mittivity  and  D\'''E.. .  and  of  the  amplitude  of  elas¬ 

tic  compliance  s'f,(E.„i  and  Tlie  model  effectively  de- 
•rcr.be<  field  dependencies  of  the  first  three  harmonics  of 


E;tE,,’),  as  well  as  the  irreversible  change  in  the  remnant 
polarization  under  pulsed  electric  field.  Several  physical 
models  for  the  obser/ed  behavior  were  analyzed.  In  one  ap¬ 
proach.  the  explanation  is  based  on  the  90°  ferroelectric  do¬ 
main  and  tetragonaiyrhombohedral  phase  boundary  motion. 
In  order  to  better  explain  die  experimental  results,  a  new 
physical  model  was  developed.  .According  to  the  model,  the 
observed  change  in  electromechanical  properties  under  the 
electric  field  is  caused  by  die  fieid  dependence  of  the  me¬ 
chanical  stress  acting  at  inderdomain  boundaries.  It  is  as¬ 
sumed  that  this  stress  is  caused  by  the  electromechanical 
interaction  of  a  microdomain  with  surrounding  micro¬ 
domains  and  grains.  Tnis  surrounding  media  acts  as  a  vis¬ 
coelastic  strucmre  that  causes  hysteretic  behavior  in  the  elec¬ 
tromechanical  properties. 
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A  type  of  high  strain  piezoelectric  ceramic  actuator,  namely,  pseudoshear  multilayer  actuator,  is 
described.  In  this  structure,  a  stack  of  prepoled  rectangular  piezoelectric  transducer  ceramic  .sheets 
are  conductively  bonded  at  alternate  ends,  while  the  bottom  layer  bonded  on  a  fixed  base.  When 
driven,  alternate  layers  elongate  or  shrink  in  the  same  direction  through  converse  piezoelectric 
effect,  which  results  in  the  actuator  structure  de\eloping  a  strong  shear  motion  about  the  face 
perpendicular  to  the  bonding  direction.  Experimental  results  indicate  that  more  than  50  ^m 
displacement  can  be  achieved  from  the  top  layer  for  an  actuator  consisting  of  18  layers  with 
dimensions  of  25.57  mmX4.02  mmX0.51  mm  ( 1  Xu  X  r).  By  reducing  ceramic  sheet  thickness  and 
using  more  layers,  even  large  displacement  can  be  obtained,  and  driving  voltage  can  also  be  reduced 
while  keeping  the  same  field  level.  Nonlinear  piezoelectric  response  under  high  driving  field  further 
enhances  the  displacement  level.  ®  1998  American  Insrinite  of  Physics.  [50003-6951(98)00418-5] 


Piezoelectric  actuators  are  usually  classified  into  three 
categories:  multilayer  actuators,  bimorph  or  unimorph  bend¬ 
ers,  and  fiextensional  composite  actuators.  Multilayer  actua¬ 
tors.  in  which  about  100  thin  piezoelectric/electrostrictive  ce¬ 
ramic  sheets  are  stacked  together  with  internal  electrodes 
utilizing  the  longitudinal  (dy.)  mode,  are  characterized  by 
large  generated  force,  high  electromechanical  coupling,  high 
resonant  frequency,  low  driving  voltage,  and  quick  response, 
but  small  displacement  level  (  <  10  yam). '  On  the  other  hand, 
bimorph  or  unimorph  actuators  consist  of  two  thin  ceramic 
sheets  or  one  ceramic  and  one  metal  sheet  bonded  together 
with  the  poling  and  driving  directions  normal  to  the  inter¬ 
face.  When  driving,  the  alternative  extension  and  shrinkage 
of  ceramic  sheets  due  to  transverse  (^31)  mode  result  in  a 
bending  \  ibration.  Bimorph  and  unimorph  actuators  can  gen¬ 
erate  a  large  displacement  le\el  but  low  electromechanical 
coupling,  low  resonant  frequency,  and  low  driving  force. 
Fiextensional  composite  actuator,  ■’moonie”.'"’  consists  of  a 
piezoelectric  or  electrostrictive  ceramic  disk  and  metal  end 
caps  which  act  as  a  mechanical  transformer  converting  and 
amplifying  the  lateral  displacement  of  ceramic  disk  into  axial 
motion.  .Medium  displacement  and  force  level  can  be  ob¬ 
tained  in  moonie  actuators. 

■Most  recently  developed  cantilever  monomorph. 
RAINBOW,  and  shear  mode  actuators'^”'  are  basically  modi¬ 
fied  unimorph  actuators  with  advantage  of  simple  monolithic 
structure  by  which  bonding  problems  usually  observed  in 
bimorph-ty  pe  actuators  can  be  avoided.  However,  large  dis¬ 
placement  is  achieved  with  sacrificing  the  generative  force. 
In  this  letter,  we  report  a  new  type  of  pseudoshear  mode 
actuator  which  makes  use  of  a  composite  structure  assembled 
from  thin  sheet  soft  piezoelectric  transducers  (PZT)  piezo¬ 
electric  ceramics,  poled  in  the  usual  direction  normal  to  the 
major  face  of  sheet  and  driven  by  electrodes  upon  the  major 
faces. 

In  pseudoshear  multilayer  actuator  structure.  N  layer 


fully  electroded  piezoelectric  ceramic  plates  are  bonded  to¬ 
gether  by  a  stiff  conductive  epoxy  at  alternate  ends  of  the 
plate  structure  as  depicted  in  Fig.  1(a).  The  bottom  layer  is 
bonded  on  fixed  base  with  one  end.  The  gaps  between  the 
nonbonded  faces  of  the  sheets  are  filled  by  thin  plastic  sheets 
or  teflon  coatings  to  stabilize  the  structure.  All  the  ceramic 
plates  have  the  same  normal  poling  direction  and  they  are 
connected  electrically  in  parallel  through  the  conductive  ep¬ 
oxy  bond  line  with  the  wires  contacting  alternate  pairs  of 
plates  from  each  side.  For  PZTs.  the  piezoelectric  dy  coef¬ 
ficient  is  negative.  Tracing  now  the  effect  of  a  voltage  ap¬ 
plied  between  the  two  contact  wires  of  sign  shown  in  Fig. 
Kbi.  The  bottom  plate  is  subjected  to  a  field  against  the 
original  poling  direction,  i.e..  a  negative  field  thus,  since  dy 
is  negative  the  resulting  linear  piezoelectric  strain  is  ■ 

X\  =  —dy(—E-i)  =  dyE\.  (1) 

If  L  is  the  length  dimension  of  ceramic  stack,  the  elongation 
or  shrinkage  of  each  layer  is 

d  dy^E-^L.  (2) 


PZT  ceramics 
Thin  plastic  sneet 
Conductive  epoxy 
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FIG.  I.  Schematic  drauinp  of  pseuJoshear  actuator  structure. 


0003- 


‘3, 72(181/2238/3/$  15.00 


2238 


©  1998  American  institiit"  f  Physics 


Appl.  Phys.  Lett..  Vol.  72,  No.  18.  4  May  1998 


Q.-M.  Wang  and  L.  E.  Cross 


2239 


Electric  field  (V/mm) 

no.  2.  Piezoelectric  coefficient  as  a  function  of  bipolar  ac  electric  field 
for  soft  PZT  ceramics  (Motorola  3203  HDl. 
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no.  3.  Displacement  as  a  function  of  electric  field  for  a  prototype  pseudos¬ 
hear  actuator  (N=  18.  L  =  2S.S7  mm.  '.i’  =  4.02mm,  r=0.51  mm). 


Because  ceramic  plate  are  bonded  at  its  right  end.  the  left  end 
is  free  and  then  moves  to  the  left  by  a  distance  d , . 

For  the  second  plate  in  the  stack,  however,  a  positive 
field  is  applied  along  the  poling  direction,  thus  plate  2 
shrinks  so  that 

d,  = -(ijiEjI.  (3) 


since  t^L,  the  stack  can  be  designed  to  generate  large  shear 
angles. 

From  Eq.  (6).  we  may  introduce  an  effective  shear  coef¬ 
ficient  d|5  by  comparing  with  pure  shear  strain.  x<=-d^^Ei , 


.N'ow  the  right  hand  end  of  plate  is  free  to  move  which 
will  mo'.-e  a  distance  c/i  also  to  the  left,  thus  its  total  dis¬ 
placement.  combining  with  plate  1.  is  di+dj  to  the  left. 

Ob^■iously,  each  layer  is  carried  by  its  following  layer 
thus  the  direction  of  elongation  and  shrinkage  of  each  layer 
are  the  same.  Therefore  the  displacement  of  the  upper  layer 
is  cumulative  from  its  lower  layers.  For  a  stack  of  N  plates, 
the  total  displacement  of  its  top  layer,  with  respect  to  base,  is 

d  =  d-  —di . +  d.v~Vj3i£;L  ‘4) 

at  the  free  end.  or 

d  =  d.  -di . 4-dv_|  =i.V-  Dd^^EyL  i5) 

at  bonded  end. 

If  the  voltage  is  reversed  to  the  stack  as  shown  in  Fig. 
1(c).  the  actuator  will  now  shear  over  upper  surface  moving 
to  the  right.  Therefore  under  the  ac  field,  this  multilayer  ac¬ 
tuator  vibrates  similar  to  pure  shear  vibration  can  thus  be 
called  pseudoshear  multilayer  actuator. 

From  Eqs.  (4)  and  (5).  it  can  be  found  that  the  total 
displacement  of  the  top  layer  depends  on  the  number  of  ce¬ 
ramic  layer  N,  the  value  of  d,, ,  the  magnitude  of  electric 
field  Ex .  and  also  the  length  of  actuator  L.  It  is  interested  to 
note  that,  due  to  £3  =  Vlt.  where  V  is  the  applied  voltage  and 
f  is  thickness  of  ceramic  layer,  the  driving  voltage  can  be 
reduced  by  reducing  the  thickness  of  ceramic  layer  while 
keeping  the  same  field  strength. 

.Assuming  the  space  between  each  layers  in  the  actuator 
stack  is  t; .  the  total  stack  thickness  will  be  +  and  the 
shear  angle  or  shear  strain  S  will  be 

,  \dx^ExL  dx^ExL 


which  is  a  dimension-dependent  coefficient. 

To  examine  the  performance  of  a  pseudoshear  actuator, 
an  !8  layer  staclced  prototype  actuator  with  dimensions  of 
25.57  mmX4.02  mmX0.51  mm  (  IXwXr)  of  each  layer  is 
prepared  using  commercial  Motorola  soft  PZT  (3203HD)  ce¬ 
ramics.  In  the  multilayer  structure,  all  layers  are  aligned  in 
the  same  poling  direction.  Silver  epoxy  (E-Solder®  No.  3021 
Conductive  Adhesives.  l.MI  Insulation  Materials.  Inc..  New 
Haven.  CT)  was  used  to  bond  the  alternative  ends  of  ceramic 
sheets.  Very  fine  copper  wires  were  used  to  connect  the  elec¬ 
trodes  in  such  a  way  that  each  layer  was  connected  electri¬ 
cally  in  parallel.  Thin  plastic  sheets  of  about  0.1  mm  thick¬ 
ness  or  silicon  grease  were  used  to  fill  the  gaps  between  each 
layer  to  stabilize  the  structure.  A  load  of  about  1  kg  was 
applied  on  the  top  of  multilayer  structure  when  hardening  the 
silver  epoxy. 

To  characterize  the  actuator  performance,  the  displace¬ 
ment  of  the  top  layer  of  pseudoshear  actuator  was  measured 
as  a  function  of  driving  electric  field.  The  measurement  setup 
and  procedure  were  described  in  a  previous  letter.  ‘  To  check 
the  various  vibration  modes,  impedance  spectrum  of  actuator 
was  measured  by  using  an  impedance/gain-phase  analyzer 
(HP4194A.  Hewlett  Packard  Co.). 

It  should  be  noted  that  for  nonlinear  piezoelectric  mate¬ 
rials  such  as  PZTs,  piezoelectric  coefficient  is  electric  field 
dependent.  The  data  provided  by  material  manufacturers  are 
usually  measured  under  weak  field  by  resonance- 
antiresonance  method,  and  thus  are  not  applicable  for  the 
actuator  performance  evaluation  because  strong  electric 
fields  are  usually  applied  to  drive  the  actuators.  Therefore, 
the  piezoelectric  ^31  coefficient  of  of  Motorala  PZT  3203HD 
ceramics  was  measured  as  a  function  of  electric  field.  .A  rect¬ 
angular  sample  with  dimensions  of  38.0  mm  ^  !  2.5  mm 
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XO.5  mm  was  used  for  this  measurement.  A  sinusoidal  driv¬ 
ing  field  with  frequency  of  50  Hz  is  used  to  excite  the 
sample.  The  effective  coefficient  was  obtained  by 
=.vi  IE} ,  here  .V|  is  transverse  strain  under  electric  field  £3 . 
The  effective  piezoelectric  d'}^  coefficient  as  a  function  of 
electric  field  £;  is  depicted  in  Fig.  2.  It  can  be  seen  that  due 
to  its  nonlinear  ferroelectric  nature,  t/31  is  no  longer  a  con¬ 
stant  over  the  used  electric  field  range  for  soft  PZT  ceramics. 
As  the  magnitude  of  applied  electric  field  increases.  d}x  co¬ 
efficient  increases.  The  insert  in  Fig.  2  shows  the  transverse 
strain  under  weak  electric  field.  It  is  clear  that  linear  piezo¬ 
electric  relation  between  strain  and  electric  field,  .t|  =  d3i£3 
is  obeyed  only  at  a  rather  low  field  level.  The  measured  low 
field  level  d'.\  coefficient  is  -318X  lO'"  mA^,  which  is  in 
good  agreement  with  the  data  provided  by  the  manufactur¬ 
er's  data  sheet.  -320X  10‘‘  mJV.  measured  by  resonance- 
antiresonance  method. 

It  has  been  shown*  ®  that  the  nonlinear  piezoelectric  re¬ 
sponse  in  ferroelectric  PZT  ceramics  under  high  driving  field 
originates  mainly  from  the  motion  of  non- 180°  domain 
walls.  Experimental  results  also  showed  that  dielectric  los.ses 
drastically  increase  with  the  amplitude  of  driving  field,  since 
the  non- 180°  domain  wall  motion  is  inherently  a  lossy  pro¬ 
cess.  But  no  significant  temperature  increase  was  observed 
when  frequency  is  far  off  the  resonant  frequency  of  the  ce¬ 
ramic  sample.  So  for  off-resonant  frequency  driving,  soft 
PZT  can  be  driven  under  quite  a  high  electric  field  level. 
However,  the  nonlinear  piezoelectric  response  of  PZT  ce- 
raii  cs  has  to  be  considered  in  the  actuator  design. 

.'igure  •  shows  the  displacement  as  a  function  of  electric 
fieid  for  the  prototype  pseudoshear  actuator  composed  of  18 
layer  PZT  ceramic  sheets.  More  than  50  shear  displace¬ 
ment  was  obtained  under  a  driving  field  of  270  V/mm.  A 
nonlinear  piezoelectric  response  under  high  electric  field 
contributes  significantly  to  the  shear  displacement.  Consider¬ 
ing  the  thickness  of  ceramic  sheet  and  the  space  between 
layers  (r-rr;  =  0.61  mm),  we  can  calculate  the  effective  pi¬ 
ezoelectric  coefficient  by  using  Eq.  (7).  Under  weak 
field,  since  d3i  =  -318x  10“'"  m/Y,  we  have  ^'5=  13  380 
X  10“'"  m/V  which  is  about  13  times  higher  than  the  shear 
mode  piezoelectric  coefficient  d\}  (=  1045X  10“'"  m/V  for 
soft  PZT  3203HD)  of  the  ceramic  material.  It  is  interesting  to 
note  that  d%  is  a  dimension-dependent  parameter.  By  using 
an  even  thinner  ceramic  sheet.  d\}  coefficient  can  be  funher 
increased.  Since  d}\  increases  with  a  driving  field  due  to 
nonlinear  piezoelectric  response.  J,,  coefficient  will  also  in¬ 
crease  as  the  amplitude  of  applied  ac  field  increases. 

Frequency  characteristics  of  pseudoshear  actuator  may 
be  adduced  from  the  impedance  spectrum  shown  in  Fig.  4. 
There  is  not  any  resonance  observed  below  I  kHz.  indicating 
the  displacement  of  pseudoshear  actuator  may  have  flat  fre¬ 
quency  responses  in  the  low  frequency  range.  Two  weak 
resonances  are  evident  near  1.33  and  3.0  kHz  which  are 
probably  due  to  spurious  bending  modes.  It  was  found  that  if 
a  load  was  placed  on  the  top  of  actuator,  these  two  resonant 
modes  were  greatly  reduced  or  even  disappeared.  By  making 
more  compact  structure  through  better  selection  of  the  poly¬ 
mer  filler  material  and  better  bonding  processing,  the  two 
peaks  could  be  eliminated.  The  resonance  at  10  kHz  is  the 
first  extended  longitudinal  mode  which  in  pseudoshear  con- 


FIG.  4.  Impedance  and  phase  spectra  for  pseudoshear  actuator  in  the  fre¬ 
quency  range  of  1  to  100  kHz. 

figuration  will  now  represent  the  first  effective  shear  mode. 
.A  second  strong  mode  at  26.8  kHz  is  probably  a  shifted  third 
harmonic.  Weaker  higher  order  modes  are  evident  at  53  and 
90.6  kHz. 

In  summary,  a  new  type  of  piezoelectric  actuator, 
namely,  pseudoshear  actuator  is  developed.  Large  displace¬ 
ment  was  obtained  through  this  multilayer  configuration.  A 
nonlinear  piezoelectric  response  funher  enhances  the  vibra¬ 
tional  level  of  actuator.  The  frequency  characteristics  are 
also  studied  which  indicated  the  resonant  frequency  of  effec¬ 
tive  shear  mode  is  much  higher  than  that  of  the  bending 
vibration  mode  of  bimorph-typ'e  actuators.  The  pseudoshear 
actuator  has  the  following  advantages:  (1)  The  actuator  is 
assembied  from  thin  sheet  PZT  already  electroded  and  pre¬ 
poled:  -C)  shear  vibration  is  realized  through  1/3^  mode  by 
applying  ac  '  oitage  through  the  thickness  direction  so  that 
high  fieids  may  be  realized  at  low  driving  voltage;  (3)  the 
generativ  e  force  is  controlled  by  stiffness  c  1 1  which  is  larger 
than  the  shear  stiffness  c^^',  (4)  the  magnitude  of  shear  can 
be  controlled  by  the  ratio  of  LUr-^r^)  and  can  be  very  large 
for  thin  sheets. 

The  pseudoshear  mode  actuator  may  have  a  very  wide 
range  of  applications.  The  systems  where  it  could  replace 
conventional  actuators  would  be  linear  and  rotary  motors, 
step  and  repeat  (inchworm)  type  actuators,  flow  sensing  and 
flow  control,  valving  and  pumping  system,  and  many  others. 
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ABSTRACT 

Acoustic  source  used  for  .Active  Noise  Control  (ANCj  at  low  frequency  (80-250  Hz)  is  designed  and  developed  by  using  a 
piezoelectric  ceramic  actuator  and  a  flextensional  panel  diaphragm.  In  order  to  reach  the  vibration  magnitude  and  radiation 
area  needed  for  high  and  flat  sound  pressure  level  in  the  low  frequency  range.  Pseudo-Shear  Universal  (PSU j  actuator  has 
been  used  as  the  driving  part  which  is  a  new  type  of  multilayer  piezoelectric  actuator  originated  from  MRL  offering  the 
advantages  of  large  displacement  and  high  blocking  force;  on  the  other  hand  ,  Carbon  Fiber  Reinforced  Composite  has  been 
used  as  the  diaphragm  material  which  provides  a  more  rigid  structure  than  conventional  loudspeaker  paper.  A  prototype 
device  was  fabricated  which  has  the  following  characterizations:  40  layers  PSU  actuator  with  a  compact  dimension:  38  mm  x 
50  mm  X  23.6  mm.  Two  of  them  are  needed  for  a  device.  Diaphragm  area  is  126mm  x  152  mm.  At  quasistatic  condition  (5 
Hz)  and  at  the  0.84  kV/cm  electric  field,  344  pm  displacement  could  be  achieved  at  the  apex  of  the  diaphragm  resulted  from 
the  flextensional  amplifying  mechanism  with  an  amplification  factor  more  than  1 1.  The  sound  pressure  level  in  the  frequency 
range  100-250  Hz  shows  better  flat  behaviour  than  the  acoustic  sources  studied  earlier  such  as  Double  Amplifier  and  PANEL 
air  transducers  which  exhibit  a  significant  reduction  of  sound  pressure  level  in  the  low  frequency  range.  By  a  slight 
modification,  it  is  likely  to  make  this  device  in  a  total  thickness  of  10  -15  mm  range.  High  and  stable  sound  pressure  level  as 
well  as  thin  flat  structure  make  it  much  more  competitive  in  the  whole  area  of  applications  for  low  frequency  active  noise 
control . 

Keywords:  piezoelectric  actuator,  pseudo-shear  universal  actuator,  air  acoustic  transducer,  active  noise  control. 

1.  INTRODUCTION 

Recently,  piezoelectric  integrated  composite  structure  has  been  developed  as  the  air  transducer  for  the  purpose  of  Active 
Noise  Control  in  the  frequency  below  1  kHz.  Those  transducers  consist  of  two  amplifying  mechanisms  to  achieve  high 
vibration  magnitude.  One  amplifying  mechanism  is  to  make  use  of  the  piezoelectric  bending  actuator.  Another  amplifying 
mechanism  is  utilization  of  the  flextensional  amplifying  mechanism  in  the  triangle  shape  diaphragm.  Fig.  1  gives  a  schematic 
configuration  for  this  type  of  piezoelectric  integrated  composite  structure  used  for  an  air  transducer. 
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Fig.  1  Principle  configuration  for  the  piezoelectirc  integrated  composite  structure 


There  are  many  bending  piezoelectric  actuators:  such  as  bimorph,  unimorph.  RAINBOW,  CRESCENT  etc..  All  those 
bending  actuator  can  in  principle  be  used  as  the  first  amplifying  driving  part.  For  the  diaphragm,  low  density  and  high 
stiffness  material  is  desired.  The  loudspeaker  paper  is  the  most  popular  diaphragm  material.  This  kind  of  composite  structure 
composed  of  those  parts  possesses  the  advantages  of  light  weight  and  panel  structure. 

Two  generations  of  air  transducer  prototype  devices  have  been  developed  since  1994.  The  first  generation  was  Double 
Amplifier  air  transducer.'  Piezoelectric  bimorph  was  used  as  driving  part  and  loudspeaker  paper  was  used  as  diaphragm. 
Multilayer  bimorph  was  also  used  to  replace  the  traditional  two  layers  bimorph  in  this  structure  to  decrease  the  driving 
voltage.'  The  displacement  of  the  diaphragm  apex  can  easily  reach  the  millimeter  scale.  A  far  field  (Im)  sound  pressure  level 
can  be  more  than  80  dB  in  the  frequency  range  300-1000  Hz  at  a  driving  electric  field  0.7  kV/cm. 

The  second  generation  air  transducer  called  PANEL  (  Piezoelectric  Acoustic  Noise  ELiminator)  used  the  unimorph  as  the 
leg  part.  Between  the  two  legs,  a  bimorph  was  bonded  to  serve  as  both  the  driving  and  the  substrate  functions.^  In  this  second 
generation  ,  instead  of  loudspeaker  paper.  Carbon  Fiber  Reinforced  Composite  was  used  as  the  diaphragm  material.  The 
second  generation  prototype  device  is  much  more  rigid  than  the  first  generation.  PANEL  can  also  produce  more  than  80  dB 
sound  pressure  level  in  the  300-1000  Hz  frequency  range.  This  type  of  device  has  been  already  used  for  Active  Noise  Control 
experiments.  An  average  10  dB  sound  pressure  level  reduction  could  be  achieved.'* 

However,  both  generation  devices  have  a  common  drawback:  there  is  a  sigficiantly  sound  pressure  level  reduction  from  250 
Hz  to  100  Hz.  For  Double  Amplifier  air  transducer,  the  falling  off  in  magnitude  is  18  dB  (driven  by  a  0.7  kV/cm  electric 
field).  For  PANEL,  the  difference  is  22  dB  (calculated  sound  presure  level,  driven  by  a  1  kV/cm  electric  field).  This 
inadequacy  will  restrict  the  application  of  these  acoustic  sources.  In  daily  life  and  industry  area,  there  are  a  lot  of  low 
frequency  noise  sources,  such  as  car  engine  noise  (120  Hz),  transformer  noise  (120  Hz  and  240  Hz),  turbo  prop  (70-100  Hz) 
and  MD80/DC-9  (100  Hz).  Usually  the  lower  frequency,  the  more  difficult  to  cancel  the  noise  by  conventional  methods  like 
absorption  and  barrier  treatments.^  Thus  applying  Active  Noise  Control  technology  to  those  low  frequency  noise  sources 
needs  a  specific  acoustic  source  which  can  provide  high  and  stable  sound  pressure  level  in  the  100-250  Hz  frequency  range. 
Theoretically  speaking.  There  are  two  reasons  for  the  reduction  of  sound  pressure  level  in  low  frequency:  1.  diaphragm 
vibration  magnitude  is  not  high  enough  to  maintain  the  sound  presure  level;  2.  vibrating  area  is  not  big  enough  to  achieve  the 
better  matching  with  the  air  medium. 

In  this  paper,  we  present  a  new  acoustic  source  particularly  designed  for  the  low  frequency  (  80-300  Hz)  application. 
Piezoelectric  PSU  actuator  is  used  to  replace  the  piezoelectric  bending  actuator.  Thus  big  blocking  force  and  large 
displacement  from  PSU  actuator  make  it  possible  to  reach  higher  vibration  magnitude  and  larger  area  diaphragm  operation. 
Prototype  device  with  a  diaphragm  area  126mm  x  152  mm  exhibits  a  very  flat  and  high  sound  pressure  level  in  the  100-250 
Hz  frequency.  The  mass  production  of  multilayer  PSU  actuator  could  be  eaiser  and  less  cost  than  other  multilayer 
piezoelectric  actuator.  A  small  modification  will  make  this  device  with  very  thin  total  thickness,  which  makes  it  ver}' 
promissing  to  be  the  desired  acoustic  source  for  the  active  noise  control  in  ultra  low  frequency. 

2.  PSU  ACTUATOR ,  AIR  TRANSDUCER  AND  EXPERIMENTAL  PROCEDURE 
2.1  PSU  multilayer  actuator  and  air  transducer 

Conventional  multilayer  actuator  uses  a  compact  volume  to  realize  a  large  displacement .  The  principle  for  its  operation  is  to 
enable  high  electric  field  established  through  moderate  applied  voltage  by  insening  thin  layers  into  the  stack. 

PSU  multilayer  actuator  uses  a  compact  volume  to  achieve  a  high  displacement.  The  mechanism  for  its  operation  is  to 
utilize  specific  design  to  get  large  displacement  from  an  expanded  total  length.  This  device  was  originated  from  the  MRL.® 
The  design  idea  and  operation  principle  are  demonstrated  in  Fig.  2. 

PSU  actuator  is  made  by  stacking  the  rectangular  ceramic  pieces  with  the  electrode  in  the  surface  perpendicular  to  the 
thickness.  The  ceramic  pieces  are  poled  along  the  thickness  direction,  then  bond  the  neibouring  piece  at  the  side  edge  in  an 
alternative  opposite  cyclic  manner.  The  ceramic  pieces  are  connected  electrically  parallel  but  for  the  neighbouring  pieces  the 
electric  polarity  is  opposite. 
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(  a  )  Single  Ceramic  Plate 


J  B  Weld  Epoxy 
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(  c  )  Vibration  Behaviour  under  AC  Electric  Field 


Fig.  2  Structure  and  operation  principle  of  PSU  actuator 

When  voltage  applied  to  the  ceramic  plate,  a  transverse  strain  will  happen  through  the  dai  piezoelectric  effect  to  every  piece 
of  ceramic.  If  the  bottom  piece  expands  ,  the  second  piece  to  the  bottom  will  contract.  The  displacement  of  the  second  layer 
free  end  will  be  the  sum  of  secondary  layer  volume  strain  plus  the  first  piece  volume  strain.  The  shear  dispalcement  will 
direct  to  the  right.  The  rest  layers  behaviour  will  be  deduced  by  analogy.  The  displacement  of  top  layer  w'ill  be  the 
cumulation  of  all  layers.  When  the  voltage  polarity  changed,  top  layer  displacement  will  direct  to  left.  The  free  end 
displacement  of  top  layer  will  be  determined  by  the  equation: 


5=N  Xdr.iXE  X/ 


Where  6  is  the  top  layer  displacement,  N  is  the  number  of  layers,  d3i  is  the  piezoelectric  coefficient  ,  E  is  applied  electric 
field,  /  is  length  of  ceramic  plate. 

When  the  AC  voltage  is  applied  to  the  device,  left  and  right  horizontal  vibration  will  happen,  which  can  be  used  as  the 
driving  element  to  drive  the  flextensional  diaphragm.  Because  the  displacement  is  resulted  from  volume  deformation  effect, 
the  blocking  force  of  PSU  actuator  should  be  bigger  than  that  of  bending  actuator.  In  order  ro  make  the  diaphragm  more  rigid 
and  improve  the  frequency  behaviour.  Carbon  Fiber  Reinforced  Composite  was  chosen  as  the  diaphragm  material.  The 
Carbon  Fiber  Reinforced  Composite  has  a  Young’s  modulus  190  GPa  and  the  loudspeaker  paper  only  has  a  Young’s  modulus 
0.55  GPa. 

2.2  Experimental  procedure 

,  Piezoelectric  ceramics  used  in  this  device  were  provided  by  Material  System  Inc.,  which  is  PZT-5H  composition.  Ceramic 
plate  with  a  dimension  38  mm  x  50  mm  x  0.5  mm  was  silver  electroded  on  the  38  mm  x  50  mm  surface.  There  is  a  3.8  mm 
width  margin  on  the  right  side  of  upper  surface  and  same  width  margin  on  the  left  side  of  the  bottom  surface.  The  samples 
were  poled  before  shippment.  Measured  d33  for  the  10  mm  x  10  mm  small  cut  piece  is  around  600  x  10  C/N.  In  order  to 
avoid  the  depolarization,  all  the  curing  processing  procedures  were  carried  out  at  the  room  temperature.  J-B  weld  epoxy  (JB 
WELD  CO.)  was  used  for  the  side  edge  bonding  among  ceramics  and  diaphragm  hinges  as  well  as  mechanical  connecting 
bonding  between  diaphragm  and  actuator.  Silver  epoxy  (E-solder  No  3021  conductive  adhesives,  IMI  Insulation  Materials 


Incorpoated  ,  New  Haven.  CT)  was  used  for  electric  connecting  among  the  ceramic  pieces.  Fabrication  procedure  is  shown  in 
Fig.  3. 


To  characterize  the  device  properties ,  the  displacements  of  diaphragm  apex  and  of  the  top  layer  of  actuator  were  measured 
by  MTI  2000  Fotonic  Sensor  System  (  MTI  Instrument,  Inc.).  MTI  -2000  Fotonic  sensor  can  perform  the  displacement  and 
vibration  measurement  with  the  advantages  of  no  contact  to  the  target,  high  accuracy,  wide  frequency  range  and  insensitive  to 
the  electric  and  magnetic  fields  by  using  the  fiber-optic  technology  .  A  high  reflectivity  mirror  is  needed  to  stick  to  target 
with  the  face  perpendicular  to  the  optical  probe.  The  sensor  probe  was  placed  at  a  three  dimensional  movable  micropositioner 
(Ealing  Electro-optic,  Inc.).  Function  generator  is  DS-345  (Stanford  Research  System.  Inc.),  which  generates  the  required 
signal  shape  and  basic  magnitude.  Then  a  power  amplifier  (790  Series,  PCB  piezotronics)  was  used  to  amplify  the  dri\nng 


Fig.  4  Schematic  diagram  for  displacement  measurement 

signal.  A  lock-in  amplifier  SR-830  DSP  (Standford  Research  System  Inc.)  was  used  to  measure  signal  output  from  Fotonic 
Sensor.  The  reference  frequency  is  synchronlized  to  the  function  generator.  Sound  pressure  level  was  measured  in  an 


anechoic  room  at  far  field  (1  m)  by  a  ND  21  Sound  Level  MeterfRion  Company,  Japan).  Fig.  4.  shows  the  schematic 
diagram  for  displacement  measurement.  Fig.  5  shows  the  schematic  view  for  the  sound  pressure  level  measurment. 


Fig.  5  Schematic  view  for  the  sound  pressure  level  measurement 

3.  EXPERIMENTAL  RESULTS  OF  PROTOTYPE  DEVICE 


3.1  Proprties  of  unloaded  PSU  actuator 

Each  PSU  actuator  consists  of  40  piezoelectric  ceramic  plates  with  a  dimension  as  38  mm  x  50  mm  x  23.6  mm.  Two 
actuators  have  a  total  capacitance  of  4.59  |iF.  Dielectric  loss  is  3.8  %  (measured  at  1000  Hz).  Displacements  of  top  layer  at 
quasistatic  and  dynamic  conditions  are  given  in  Fig.  6. 

3.2  Quasistatic  and  dynamic  properties  of  diaphragm  loaded  device 

Carbon  Fiber  Reinforced  Composite  diaphragm  with  a  dimension:  width:  126  mm,  length.T52  mm,  height:  6  mm  is  for  the 
finished  device.  Vibration  behaviours  of  diaphragm  at  quasistatic  and  as  a  function  of  frequency  were  obtained  and  shown  in 
Fig.  7. 


Fig.  6  Quasistatic  (a)  and  dynamic  (b)  properties  of  unloaded  40  layers  PSU  actuator 


E 

D) 

m 

W 

JC 

a 

(Q 


O 

X 

0) 


0) 

u 

n 

Q. 

(A 


0  0.2  0.4  0.6  0.8 

Electric  Field  ( kV/cm,5Hz ) 
(a) 


Fig.  7  Quasistatic  (a)  and  dynamic  (b)  properties  of  diaphragm  loaded  device 


In  order  to  investigate  the  relatonship  between  the  diaphragm  height,  different  diaphragm  material  and  the  resonant 
behaviour  of  the  device.  We  measured  the  dynamic  propenies  of  the  device  with  the  diaphragm  height  6  mm  lOmm.  We  also 
measured  the  the  dynamic  properties  of  loudspeaker  paper  diaphragm  with  a  height  8  mm.  The  results  are  given  in  Fig. 8. 


Fig.  8  Comparison  of  dynamic  behaviour  for  different  diaphragm  height  and  different  diaphragm  material 
3.3  Sound  pressure  level  at  low  frequency  range 


Sound  pressure  level  were  measured  at  the  driving  electric  field  0.24  kV/cm  (12  V  voltage)  on  the  final  product  (  height  6 
mm,  carbon  fiber  reinforced  composite).  Fig.  9  gives  the  measured  result  and  calculated  sound  pressure  level  at  the  IkV/cm 
driving  electric  field. 


Frequency  ( Hz ) 


Fig.  9  Sound  pressure  level  for  6  mm  height  carbon  fiber  diaphragm  device 

4.  DISCUSSIONS  AND  SUMMARY 

4.1  Comparison  of  PSU  actuator  with  other  types  of  actuator  ^ 

In  bimorph  and  unimorph  driving  air  transducer,  the  actuator  wall  has  the  same  length  with  the  diaphragm,  even  though  the 
width  of  the  diaphragm  for  a  cell  is  only  50  mm,  the  amplificaton  factor  is  about  7.  In  PSU  actuator  driving  air  transducer,  the 
length  of  driving  wall  is  only  one  third  of  the  diaphragm  length.  The  width  of  the  diaphragm  can  be  126  mm  and 
amplification  factor  can  be  more  than  11.  This  fact  demonstrates  the  PSU  actuator  has  bigger  generative  force  than  the 
bimorph  and  unimorph.  The  value  of  blocking  force  for  the  PSU  actuator  was  investigated  and  will  be  reponed  in  another 
paper.  We  can  still  increase  the  blocking  force  by  modifying  PSU  actuator  structure.  It  is  possible  to  design  the  monolithic 
structure  PSU  actuator  whose  blocking  force  would  be  much  big  than  the  current  one.  There  are  several  ways  to  increase  the 
displacement  of  PSU  actuator:  increasing  the  layers,  decreasing  the  layer  thickness  in  a  limited  volume,  increasing  the 
driving  voltage.  We  can  tailor  it  in  a  easy  way  according  to  different  requirement. 

Bending  actuator  such  as  bimorph  and  unimorph  can  reach  big  displacement,  but  the  blocking  force  is  small,  response  is 
slow  and  the  durability  is  poor  because  of  delamination.  In  contrast  to  the  bending  actuator,  the  multilayer  acmator  possesses 
the  advantages  of  low  driving  voltage  (100  V),  quick  response  (10  m  sec),  high  generative  force  (100  kgf)  and  high 
electromechanical  coupling,  but  the  displacement  is  only  in  the  range  of  10  pm.^  For  a  long  time,  scientists  were  searching 
for  a  new  type  actuator  with  the  properties  located  in  intermediate  range  between  bending  and  multilayer  acmator.  A  lot  of 
efforts  have  been  done  to  improve  the  properties  of  the  piezoelectric  bending  actuator.  Several  novel  bending  actuator  .  like 
RAINBOW,  CERAMBOW  ,  CRESCENT,  d33  bimorph  and  THUNDER  came  out.  Kugel  has  defined  the  figure  of  merit  for 
bending  actuator,  which  is  equal  to  the  displacement  times  the  blocking  force  and  divided  by  the  admittance.  From  his 


comparative  analysis,  there  are  some  improvement  in  properties  through  these  effort,  but  no  break  through  happened.  The 
gap  between  the  the  multilayer  actuator  and  the  bending  actuautor  is  still  existing. 

The  appearance  of  “Moonie"  and  “Cymbal”  were  a  great  progress  of  the  effort,  intermediate  properties  can  be  provided  by 
such  metal  and  ceramic  composite  structure.  ‘““The  invention  of  PSU  actuator  provides  another  kind  of  actuator  offering  the 
versatile  intermediate  properties,  the  displacement  of  which  can  reach  to  100  )am  very  easily  and  The  blocking  force  of  the 
pseudo-shear  structure  is  at  least  several  times  than  that  of  bending  actuator.  Another  advantage  for  PSU  actuator  is  without 
the  bonding  problem  between  metal  and  ceramic.  The  different  thermal  expansion  coefficient  between  the  metal  and  ceramic 
in  bonding  will  give  rise  to  very  large  internal  stress  ,  even  close  the  fracture  strength  of  the  ceramic.  In  PSU  actuator,  we  can 
even  design  monolithic  structure  to  eliminate  the  bonding  part. 

4.2.  Sound  pressure  level  in  low  frequency 

According  to  the  theoiy  of  acoustics,  For  the  direct-radiator  diaphragm  at  the  low  frequency  (low  frequencies  is  when 
ka<1.0,  where  k=C0/c  is  the  wave  number,  a  is  the  diaphragm  dimension),  a  piston  whose  diameter  is  less  than  one-third 
wavelength  (ka<1.0)  is  essential  nondirectional  at  low  frequency.  Hence,  we  can  approximate  it  by  a  hemisphere  whose  rms 
volume  velocity  equals  Uc=SdUc,  where  Sd  is  the  projected  area  of  the  loudspeaker  cone,  is  the  diaphragm  surface  velocity. 
The  sound  pressure  level  Pr  in  free  space  with  a  distance  r  from  either  side  of  loudspeaker  diaphragm  can  be  expressed  in  the 
following  equation;'" 


Where  po  is  the  average  density  of  the  medium,  f  is  the  frequency. 

From  the  equation,  We  can  see  the  sound  pressure  level  is  proportional  to  the  vibration  displacement,  to  the  projected  area 
and  to  the  square  of  frequency.  So  if  we  want  to  keep  the  sound  pressure  level  as  the  same  magnitude  when  the  frequency 
decreases  from  200  Hz  to  100  Hz,  we  need  four  times  displacement  magnitude  or  we  have  to  increase  the  projected  area  4 
times.  So  it  is  important  to  have  large  displacement  and  large  vibration  area  to  keep  high  sound  pressure  in  of  low  frequency. 

Sound  is  produced  by  vibrating  surface  such  as  the  diaphragm.  In  addition  to  the  energy  required  to  move  the  vibrating 
surface  itself,  energy  is  radiated  into  the  air  by  the  diaphragm.  Part  of  this  radiated  energy  is  useful  and  represents  the  power 
output  of  the  acoustic  source.  The  remainder  is  stored  (reactive)  energy  that  is  returned  to  the  generator.  Consequently,  the 
acoustic  impedance  has  a  real  part.  Accounting  for  the  radiated,  power,  and  an  imaginary  part,  accounting  for  the  reactive 
power.  We  need  the  ka  larger  than  some  value  for  example,  0.5,  the  real  part  of  the  impedance  can  have  enough  value  to 
radiate  the  sound  power. So  increasing  the  radiation  area  is  very  important  for  increasing  the  volume  velocity  and 
improving  the  impedance  matching. 

The  resonant  frequency  of  6  mm  height  diaphragm  is  55  Hz  for  first  mode  and  the  140  Hz  for  second  mode.  Those  two 
resonant  peaks  provide  high  displacement  in  the  operating  frequency  range  (Fig.  8). 

So  we  can  conclude  that  three  factors  are  mainly  attributed  to  the  high  and  stable  sound  pressure  level  in  low  frequency  for 
the  current  device:  the  first  is  the  large  displacement,  the  second  is  the  large  vibration  area  and  the  third  is  the  resonant 
behaviour  during  this  frequency  range. 

Further  experiment  will  be  emphasized  on  the  following  respects: 

Understanding  the  resonant  behaviour  is  very  important  for  the  device  design.  The  resonant  frequency  decrease  with  the 
decreasing  of  diaphragm  height  for  the  same  diaphragm  materials.  Although  the  material  properties  are  verx'  different 
between  the  Carbon  Fiber  Reinforced  Composite  and  loudspeaker  paper,  the  resonant  behaviours  are  almost  similar  in  our 
investigation  (Fig.8).  There  is  further  work  under  way  to  get  more  understanding  of  the  resonant  mechanism. 


In  the  prototype  device,  the  polarization  direction  of  the  ceramic  plate  is  vertical  to  the  diaphragm  face,  which  limits  the 
way  of  increasing  the  displacement  by  adding  layer  number  since  we  do  not  want  the  device  being  too  thick.  With  a  small 
modification,  we  can  make  the  polarization  of  the  ceramic  piece  parallel  to  the  diaphragm  face,  it  will  dramatically  reduce  the 
total  thickness  of  the  device  and  more  room  can  be  used  to  increase  the  displacement  by  increasing  the  layer  number.  It  is 
highly  possible  to  reduce  the  total  thickness  of  the  device  to  the  thickness  10-15  mm.  which  is  much  useful  for  application 
where  only  a  limited  space  of  locating  secondary  acoustic  source  is  available.. 

In  summary  The  acoustic  source  presented  in  this  paper  can  produce  high  and  stable  sound  pressure  level  in  the  frequencv 
range  100-250  Hz.  The  integrated  composite  of  PSU  actuator  and  flextensional  diaphragm  is  a  useful  way  to  get  high  and 
stable  sound  pressure  level  in  low  frequency  because  large  displacement  and  large  radiation  area  can  be  obtained  by  PSU 
actuator  driving.  This  kind  of  acoustic  souce  also  offers  the  advantages  of  panel  structure  and  thin  dimension  which  make  it 
very  attractive  in  the  application  of  ultra  low  frequency  Active  Noise  Control. 
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Abstract 


A  numerical  study  comparing  the  use  of  two  structural  sensing  approaches  for 
sound  radiation  control  is  performed  on  a  baffled  rectangular  plate.  The  first 
sensing  approach  implements  an  array  of  accelerometers  whose  outputs  are  filtered 
to  construct  an  estimate  of  the  sound  pressure  radiated  at  given  angles  in  the  far 
field.  The  second  method  uses  the  same  array  of  point  sensors  to  estimate  the  net 
volume  acceleration  of  the  plate.  Results  show  the  improved  performances  of  the 
sensor  observing  far-field  sound  radiation  over  a  volume  acceleration  based  sensor. 

PACS  Numbers:  43.40.At,  43.40.Rj,  43.60.Gk 


J.  Acoust.  Soc.  Am. 


J.  P.  Maillard  and  C.  R.  Fuller 


page  2 


Introduction 


An  important  issue  in  the  active  control  of  structurally  radiated  noise  remains 
the  design  and  implementation  of  error  sensors.  The  early  works  on  Active  Struc¬ 
tural  Acoustic  Control  (ASAC)  [1]  were  concentrated  on  the  design  of  structmral 
actuators  [2]  while  the  error  signals  to  minimize  were  provided  by  microphones 
located  in  the  fax  field.  For  the  last  couple  of  years,  the  research  in  ASAC  has 
made  some  progress  in  replacing  error  microphones  by  error  sensors  integrated 
in  the  structure  [3].  Unlike  microphones  which  directly  measure  the  quantity  to 
be  minimized,  i.e.,  acoustic  pressure,  structural  sensors  only  measure  information 
related  to  the  structural  vibrations.  The  goal  is  then  to  design  a  structiurzd  sensor 
whose  output  is  strongly  related  to  radiated  sound  pressure  so  that  minimizing 
the  magnitude  of  the  sensor  output  signal  will  also  minimize  the  total  radiated 
sound  power.  In  other  words,  an  efficient  structural  sensing  technique  should  take 
into  consideration  the  structure-fluid  interaction  such  that  only  the  radiating  part 
of  the  structural  vibrations  is  observed  by  the  sensor.  Indeed,  minimizing  both 
radiating  and  non-radiating  components  of  the  vibrations  t3rpically  requires  more 
control  effort. 

Spatially  distributed  structural  sensors  such  as  polyvinylidene  fluoride  (PVDF) 
materials  have  shown  potential  for  observing  the  radiating  part  of  the  structural 
vibrations.  In  modal  sensing,  the  PVDF  film  is  designed  to  observe  the  dominzint 
radiating  modes  among  those  found  in  the  structural  response  [4-6].  The  concept 
of  “radiation  modes”  has  also  been  used  in  designing  error  sensors  [7,8].  In  par¬ 
ticular,  several  authors  have  demonstrated  the  use  of  PVDF  sensors  designed  to 
observe  the  first  and  dominant  radiating  of  the  radiation  modes  of  a  rectangular 
plate,  i.e.,  the  piston  mode  [8-11].  This  mode  cin  be  detected  by  measuring  the 
net  volume  displacement  over  the  siurface  of  the  structure  and  specially  designed 
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PVDF  sensors  have  been  constructed  for  this  task  [8-11]. 

Recently,  a  sensing  technique  referred  to  as  Discrete  Structural  Acoustic  Sens¬ 
ing  (DSAS)  was  demonstrated  both  analytically  and  experimentally  on  baffled 
planar  radiators  [12-14],  The  technique  implements  an  array  of  structural  point 
sensors  (usually  accelerometers)  whose  outputs  are  passed  through  digital  filters 
to  estimate  in  real  time  the  far-field  radiated  pressure  in  a  given  direction,  or 
equivalently,  a  given  wave- number  component,  over  a  broad  frequency  range.  The 
digital  filters  are  usually  Finite  Impulse  Response  (FIR)  filters  designed  to  model 
the  appropriate  Green’s  function  associated  with  each  point  sensor  and  far-field 
locations.  It  was  shown  that  only  a  low  number  of  point  sensors  is  needed  to  pro¬ 
vide  accurate  sound  radiation  estimates  over  a  bandwidth  encompassing  the  first 
few  modes  of  a  rectangular  plate.  Moreover,  the  sensor’s  output  can  be  shifted  in 
time  such  that  the  acoustic  path  delay  present  in  the  Green’s  functions  is  removed. 
This  allows  the  use  of  only  a  few  coeflBcients  in  the  sensor  FIR  filter  array  and 
maJces  its  implementation  on  a  Digital  Signal  Processor  (DSP)  very  efficient  in 
terms  of  computationcil  load. 

A  simplified  version  of  the  above  approach  that  has  been  suggested  consists  in 
replacing  the  radiation  Green’s  functions  by  a  unity  transfer  function.  The  sensor 
output  then  simply  becomes  the  sum  of  the  acceleration  signals.  The  resulting 
error  information  thus  represents  an  estimate  of  the  net  volume  acceleration  of 
the  structure.  It  is  therefore  somewhat  equivalent  to  the  PVDF  volume  velocity 
sensor  referred  above  except  it  is  implemented  in  discrete  form.  This  alternative 
sensing  approach  will  be  referred  to  as  Discrete  Structural  Volume  Acceleration 
Sensing  (DSVAS).  For  planar  radiators,  this  error  information  is  also  equivalent 
to  measuring  the  far-field  pressure  in  the  direction  normal  to  the  plane  of  the 
radiator  [15]. 

This  letter  presents  a  short  numerical  study  comparing  the  performance  of 
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the  two  sensing  approaches  introduced  above,  i.e.,  DSAS  and  DSVAS  methods,  in 
Active  Structural  Acoustic  Control  (ASAC)  applied  to  a  rectangular  baffled  plate. 
The  plate  is  excited  by  a  normal  point  force  over  a  bandwidth  encompassing  its 
first  9  fiexural  modes.  The  control  is  achieved  through  two  single-sided  piezo¬ 
electric  patches.  The  system  modeling  is  briefly  described  in  the  first  two  sections 
along  with  its  physical  characteristics.  The  third  section  then  presents  the  control 
performance  in  terms  of  mean-square  velocity  and  radiated  power  attenuation 
obtained  for  various  sensing  configurations. 


I.  System  modeling 

The  numericaJ  model  describing  the  structrural  response  of  the  plate  excited  by 
point  forces  and  piezo-electric  patches  is  briefly  presented.  In  this  model,  the  me¬ 
chanical  displacements  and  electrical  fields  generated  in  the  piezo-electric  inclu¬ 
sions  are  Mly  coupled.  In  order  to  solve  for  the  dynamics  of  this  coupled  electro¬ 
mechanical  system,  a  Rayleigh-Ritz  formulation  is  derived  based  on  the  general¬ 
ized  form  of  Hamilton’s  principle  for  coupled  electro-mechanical  systems  [16].  This 
energy-based  method  also  allows  to  easily  model  arbitrary  boundary  conditions 
applied  along  the  edges  of  the  plate.  The  plate  mid-plane  displacements  along 
the  two  longitudinal  and  transverse  directions  are  approximated  by  polynomial 
series  where  the  unknown  polynomial  amplitudes  are  solution  of  a  linear  system. 
After  solving  this  system  at  each  frequency  of  interest,  various  structured  quanti¬ 
ties,  such  as  meem-squeu:e  velocity,  or  point  eicceleration,  can  be  computed.  For  a 
complete  derivation  of  this  approewih  applied  to  rectangular  plates,  the  reader  is 
referred  to  the  work  of  Berry  [17]. 

The  far-field  sound  pressme  radiated  from  the  plate  is  obtained  from  the  dis- 


J.  Acoust.  Soc.  Am.  J.  P.  Maillard  and  C.  R.  Fuller 


page  5 


placement  amplitudes  by  computing  the  continuous  wave-number  transform  of 
the  acceleration  distribution  over  the  frequency  bandwidth.  The  radiated  power 
is  estimated  from  the  radiation  impedance  matrix  associated  with  the  polynomial 
basis  used  to  approximate  the  structural  response.  This  approach  is  more  efficient 
than  simply  integrating  the  far-field  pressure  over  the  hemisphere  surrounding  the 
plate.  More  details  can  be  found  in  [18]. 

The  output  from  the  discrete  structural  acoustic  sensor  is  computed  from  the 
structural  acceleration  evaluated  at  nine  point  sensor  locations  on  the  plate  and 
multiplied  by  the  appropriate  sensor  transfer  functions  as  described  in  [14].  Note 
that  the  sensor  transfer  functions  used  in  this  numerical  study  correspond  to  the 
ideal  case  of  perfect  filter  modeling.  It  was  shown  in  previous  work  however  that 
these  transfer  functions  are  easily  modeled  to  a  high  level  of  accuracy  with  only  a 
few  coefficients  per  FIR  filter  [12]. 

The  controlled  structural  response  is  obtained  by  adding  to  the  uncontrolled 
response  due  to  the  point  force  excitation,  the  control  field  response  due  to  the 
two  one-sided  piezo-electric  patches.  The  optimal  control  voltage  to  each  PZT 
is  computed  using  standard  Linear  Quadratic  Optimal  Control  theory  (see  for 
example  [19]),  where  the  cost  function  to  be  minimized  is  a  quadratic  function 
of  the  control  voltage  amplitudes.  It  should  be  noted  that  this  frequency  domain 
optimed  controller  does  not  take  into  account  the  causality  constraint  inherent 
to  a  real  time  implementation  on  a  DSP.  In  other  words,  the  optimal  controller 
transfer  functions  in  the  frequency  domain  might  be  acausal  and  therefore  cannot 
be  accurately  reproduced  by  a  digital  filter.  This  results  in  overestimating  the 
attenuation  achieved  by  the  controller  however  it  does  represent  the  maximum 
achievable  attenuation  if  the  system  is  causal.  Also,  the  limitation  due  to  the 
finite  dynamic  range  of  the  analog  to  digital  converters  is  not  included  in  this 
model. 
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As  mentioned  above,  the  plate  is  excited  by  a  point  force  while  two  PZT 
patches  are  implemented  to  achieve  control.  Preliminary  tests  showed  that  a 
single  piezo-electric  actuator  was  not  sufficient  to  achieve  global  sound  radiation 
attenuation  over  the  entire  frequency  bandwidth.  The  sensor  based  on  unit  trans¬ 
fer  functions,  i.e.,  estimating  the  structural  net  volume  acceleration,  provides  one 
single  error  signal.  To  facilitate  the  comparison  with  the  sensor  based  on  far-field 
pressure  estimates,  only  one  far-field  direction  is  considered.  This  control  layout, 
i.e.,  two  control  outputs  and  one  error  input,  results  in  an  under-determined  sys¬ 
tem  which  is  solved  by  including  in  the  cost  function  the  weighted  control  efibrt 
(sum  of  the  square  modulus  of  each  control  voltage)  as  an  additional  quantity 
to  minimize,  eflfectively  constraining  the  solution.  This  second  variable  is  scaled 
down  (by  varying  its  weighting)  so  that  the  main  forces  of  the  control  are  directing 
towards  minimizing  the  error  information  rather  than  the  control  voltages. 

II.  System  characteristics 

The  system  studied  here  is  a  model  based  on  the  plate  tested  experimentally  in 
a  previous  paper  [14].  The  translation  and  rotation  stifihess  factors  along  each 
side  of  the  plate  were  numerically  adjusted  in  ein  efibrt  to  match  the  experimental 
natural  frequencies.  The  resulting  modeled  boundary  conditions  were  close  to  the 
simply-supported  case.  The  plate  geometry  is  shown  in  Figure  1  along  with  the 
location  of  the  normal  point  force  disturbance,  the  two  PZT  control  inputs,  and 
the  nine  accelerometers  implemented  in  the  discrete  structural  acoustic  sensor. 
The  physical  parameters  cind  dimensions  for  the  plate  Jind  piezo-electric  patches 
are  shown  in  Table  1.  The  point  force  and  PZT  center  locations  are  presented 
in  Table  2.  The  control  actuator  locations  in  Table  2  were  optimally  chosen  for 
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minimizing  the  (3,1)  and  (1,3)  flexural  modes,  while  the  disturbance  force  location 
ensures  all  nine  modes  present  in  the  bandwidth  of  interest  axe  excited.  Finally, 
the  model’s  natural  frequencies  are  shown  in  Table  3. 

The  structure’s  response  is  computed  over  the  frequency  bandwidth,  50  to 
650  Hz,  with  a  one  Hertz  increment.  Note  that  due  to  the  small  level  of  damping 
included  in  the  system  (see  Table  1),  the  peak  levels  of  the  response  at  those 
frequencies  is  likely  to  be  significantly  below  the  actual  resonance  level  reached  at 
the  resonance  frequency. 


III.  Control  performances 

Figure  2  shows  the  sound  radiated  power  plotted  versus  frequency  for  the  uncon¬ 
trolled  plate  (solid  line)  and  the  controlled  plate  using  the  two  sensing  approaches 
described  earlier.  The  dashed  line  corresponds  to  the  DSAS  approach  (pressure 
estimate  based  sensor)  and  the  dotted  line  to  the  DSVAS  approach  (net  volume 
acceleration  based  sensor).  The  direction  of  minimization  for  the  DSAS  approach 
was  set  to  (0  =  36'’,<^  =  30°).  This  direction  was  chosen  so  that  it  does  not  coin¬ 
cide  with  any  of  the  nodal  lines  of  the  radiation  directivity  of  the  modes  present 
in  the  bandwidth.  In  other  words,  the  sensor  based  on  far-field  pressmre  estimate 
observes  the  radiation  of  edl  the  flexural  modes  of  the  plate. 

The  first  sensing  approach  of  DSAS  achieved  good  control  over  the  entire 
bandwidth  with  very  small  amount  of  spillover.  The  largest  level  of  attenuation 
is  obtained  for  mode  (1,1)  around  86  Hz.  Very  good  attenuation  is  also  seen  for 
the  other  modes  present  in  the  frequency  bandwidth  except  for  the  resonance  at 
333  Hz  corresponding  to  the  (2,2)  mode  of  the  plate.  Around  this  frequency, 
the  control  system  only  reduces  the  radiated  power  level  by  about  10  dB.  Look- 
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ing  at  the  pressure  spatial  directivity  of  the  uncontrolled  and  controlled  plate  at 
this  frequency  reveals  that  the  pressure  distribution  is  slightly  shifted  along  the 
(f)  direction  so  that  the  (2,2^  mode  radiation  nodal  lines  go  through  the  direc¬ 
tion  of  minimization  (0  =  36°,  0  =  30°).  In  other  words,  the  amplitude  of  this 
mode  is  not  reduced.  Indeed,  the  structural  velocity  distribution  at  this  frequency 
shows  hardly  any  changes  between  the  uncontrolled  and  controlled  responses.  This 
phenomenon  is  commonly  referred  to  as  modal  restructmring.  This  is  a  direct  con¬ 
sequence  of  minimizing  the  sound  pressure  field  in  a  single  direction.  To  obtain  a 
larger  level  of  sound  power  reduction,  additional  far-field  pressure  error  estimates 
in  other  directions  could  be  included  in  the  control  system.  Or  alternatively,  a 
single  error  signal  directly  related  to  the  radiated  power  would  also  provide  better 
overall  sound  attenuation. 

This  second  solution  motivates  the  use  of  a  sensor  based  on  net  structural 
volume  acceleration.  The  resulting  error  information  directly  relates  to  the  volu¬ 
metric  modes  of  the  radiators,  i.e.,  the  odd-odd  modes  for  a  plate.  These  modes 
su:e  the  most  efficient  rawliators,  and  the  sensor  output  is  therefore  directly  related 
to  sound  radiated  power.  This  approach  corresponds  to  the  dotted  line  where  the 
sensor  output  is  the  sum  of  the  nine  acceleration  signals  (unit  transfer  function). 
As  seen  in  Figure  2,  this  second  sensing  approach  performs  well  near  the  resonance 
frequencies  of  the  odd-odd  modes  of  the  plate.  On  the  other  hand,  the  radiated 
power  arormd  the  resonances  of  odd-even  or  even-even  modes  is  not  significantly 
reduced.  The  global  radiation  level  of  the  (2,1)  mode,  for  example,  even  increases 
after  control.  By  definition,  the  net  volume  acceleration  based  sensor  does  not 
observe  any  of  the  odd-even  or  even-even  modes  of  the  plate.  Therefore  the  sys¬ 
tem  is  unable  to  effectively  control  these  modes.  However,  they  still  contribute  to 
the  total  radiated  power,  despite  their  lower  radiation  efficiency  compared  to  the 
odd-odd  modes.  In  fact  for  some  firequencies  they  can  radiate  more  power  than 
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volumetric  modes  [3]. 

Another  interesting  feature  of  the  control  performance  of  the  volume  acceler¬ 
ation  based  sensor  is  the  large  control  spillover  occurring  around  290  Hz.  In  this 
frequency  range,  the  controlled  structural  response  exhibits  a  velocity  distribution 
which  perfectly  cancels  the  summation  of  the  nine  acceleration  amplitudes.  How¬ 
ever,  this  velocity  distribution  radiates  significantly  in  the  far  field  which  explains 
the  control  spillover.  On  examining  the  radiated  power  level  at  the  resonance  fre¬ 
quency  of  mode  (4,1),  the  dotted  line  shows  significant  reduction  even  though  the 
symmetry  of  the  velocity  distribution  associated  with  the  (4,1)  mode  should  can¬ 
cel  the  sensor  output.  This  phenomenon  is  explained  by  the  presence  of  the  two 
PZT  patches  in  the  model  resulting  in  slightly  asymmetric  modes.  These  slight 
difiFerences  in  magnitude  and  phase  of  the  acceleration  amplitudes  measured  at  the 
nine  location  sho-wn  in  Figure  1  result  in  a  non-zero  error  signal  amplitude.  Note 
that  these  differences  are  averaged  out  when  using  a  higher  level  of  discretization. 
To  illustrate  this  point,  another  simulation  was  performed  where  the  sensor  uses 
a  20  by  20  grid  of  acceleration  point  measurements  to  estimate  the  net  volume 
acceleration.  This  level  of  discretization  ensures  almost  perfect  estimate  of  the 
net  volume  acceleration  in  the  frequency  bandwidth  of  interest.  Figure  3  shows 
the  radiated  power  before  (solid  line)  and  after  control  using  the  previous  3  by  3 
sensor  (dashed  line)  and  the  20  by  20  sensor  (dotted  line).  The  20  by  20  sensor 
yields  a  much  more  accurate  estimate  of  the  net  volume  displacement.  This  is 
apparent  au'Oimd  558  Hz  where  the  (4,1)  mode  is  not  observed  by  the  sensor  and 
results  in  no  rjidiated  power  attenuation.  Also,  the  system’s  behavior  noticed  in 
the  case  of  the  3  by  3  sensor  around  290  Hz  no  longer  appears  with  the  20  by  20 
sensor.  In  conclusions,  even  though  the  3  by  3  sensor  might  yield  larger  global 
attenuation  in  some  cases  such  as  at  a  frequency  around  558  Hz,  a  higher  level  of 
discretization  ensures  a  better  estimate  of  the  net  volume  acceleration  and  thus 
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enable  the  controller  to  observe  all  volumetric  velocity  distribution.  Note  that  a 
PVDF  continuous  sensor  designed  to  observe  the  same  information  is  therefore 
likely  to  perform  better  compared  to  a  3  by  3  sensor.  However,  several  authors 
have  shown  the  difficulties  of  designing  such  a  sensor  with  the  required  accuracy, 
especially  for  two-dimensional  radiators  [9,11]. 

To  summarize  the  above  results,  the  reduction  levels  for  the  total  mean-square 
velocity  and  sound  radiated  power  computed  over  the  frequencies  of  interest  are 
shown  in  Table  4.  The  first  line  corresponds  to  an  additional  simulation  case 
where  the  fax-field  pressure  error  estimate  (sensor  output)  is  replaced  by  the  ac¬ 
tual  far-field  pressure  evaluated  in  the  same  direction.  Note  that  this  configuration 
nearly  yields  the  same  level  of  reductions  as  the  pressure  estimate  structiural  sensor 
(DSAS).  This  demonstrates  the  ability  of  the  sensor  to  replace  fax-field  measure¬ 
ments  as  it  was  shown  in  previous  work.  On  the  other  hamd,  the  sensors  based  on 
the  net  volume  acceleration  (DSVAS)  yield  small  level  of  overall  reduction  (10  dB 
for  the  3  by  3  sensor  and  8  dB  for  the  20  by  20  sensor)  when  compared  to  the 
performance  of  the  DSAS  sensor.  The  higher  levels  of  attenuation  achieved  by  the 
3  by  3  sensor  is  consistent  with  the  curves  of  Figmre  3  discussed  earlier.  Despite 
strong  attenuation  levels  at  the  resonance  frequencies  of  the  odd-odd  modes,  the 
overall  reduction  level  remains  small  due  to  the  remaining  peaks  in  the  controlled 
response  of  the  odd-even  and  even-even  modes. 


IV.  Conclusions 

The  Discrete  Structural  Volume  Acceleration  Sensing  (DSVAS)  approach,  i.e., 
based  on  unit  transfer  functions,  performs  well  in  the  low  frequency  range  below 
the  resonance  of  the  first  non-volumetric  mode  of  the  plate.  Due  to  its  simplicity. 
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it  is  the  recommended  method  in  this  frequency  range.  At  higher  frequencies,  the 
Discrete  Structural  Acoustic  Sensing  (DSAS)  approach,  i.e.,  based  on  radiation 
transfer  functions,  provides  much  increased  performance  due  to  the  fact  that  it 
observes  radiation  from  all  modes.  Thus  near  and  above  the  resonance  frequency 
of  the  first  non-volumetric  mode,  DSAS  is  the  recommended  sensing  approach  for 
ASAC. 
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Figure  1:  Plate  geometry  and  transducer  locations 
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Table  1:  Plate  and  PZT’s  dimensions  and  material  properties 


Parameter 

Plate  , 

PZT 

length  in  x  axis  (mm) 

380 

38 

length  in  y  axis  (mm) 

298 

32 

thickness,  h  (mm) 

1.93 

0.1905 

Young’s  modulus  (N/m^) 

2.04  X  10^^ 

6.1  X  10^" 

Poisson  ratio 

0.28 

0.33 

mass  density  (kg/m^) 

7700 

7750 

hysteretic  damping  factor 

0.0005 

0 

^31  constant  (m/V) 

171  xTO"^^ 
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Table  2:  Transducer  location 


transducer  type 

center  coordinate,  x/Lx 

center  coordinate,  y/Ly 

disturbance  point  force 

-0.60526 

-0.56376 

control  PZT  1 

0.41579 

-0.45302 

control  PZT  2 

0.41579 

0.38926 
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Table  3:  Plate  natural  frequencies 


Mode  (m,n) 

Natural  frequency  (Hz) 

(1,1) 

86.0 

(2,1) 

181.2 

(1,2) 

241.4 

(2,2) 

332.7 

(3,1) 

339.1 

(3,2) 

484.6 

(1,3) 

494.5 

(4,1) 

557.7 

(2,3) 

580.7 

(4,2) 

695.5 

i 
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Table  4;  Total  mean-square  velocity  and  radiated  power  attenuation 


Attenuation  (dB) 

Mean-square  velocity 

Radiated  power 

Error  mic. 

17.7 

23.8 

DSAS 

17.1 

23.8 

DSVAS  (3  by  3) 

5.5 

10.1 

DSVAS  (20  by  20) 

3.9 

8.2 
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advanced  time  domain  wave-number  sensing  for  struccural 
acoustic  systems.  Part  III.  Experiments  on  active  broadband 
radiation  control  of  a  simply  supported  plate 

J.  P.  Maillard  and  C.  R.  Fuller 

Vibration  and  Acoustic  Laboratories.  Mechanical  Engineering  Department,  Virginia  Polytechnic  Institute 
and  State  University,  Blacksbarg.  Virginia  24061-0238 

(Received  23  November  1994;  revised  12  May  1995;  accepted  21  June  1995) 

The  present  work  gives  further  developments  and  experimental  testing  of  a  new  time  domain 
structural  sensing  technique  for  predicting  wave-number  information  and  acoustic  radiation  from 
vibrating  structures.  Most  structure-bome  active  s  ind  control  approaches  now  tend  to  eliminate  the 
use  of  microphones  located  in  the  far  field  by  developing  sensors  directly  mounted  on  the  structure. 

In  order  to  reduce  the  control  authority  and  complexity  required  to  minimize  sound  radiation,  these 
sensors  should  be  desiped  to  provide  error  information  that  is  solely  related  to  the  radiating  part  of 
the  structural  vibrations,  e.g.,  the  supersonic  wave-number  components  in  the  case  of  planar 
radiators.  The  approach  discussed  in  this  paper  is  based  on  estimating  supersonic  wave-number 
components  coupled  to  acoustic  radiation  in  prescribed  directions.  The  spatial  wave-number 
transform  is  performed  in  real  time  using  a  set  of  point  structural  sensors  with  an  array  of  filters  and 
associated  signal  processing.  The  use  of  the  sensing  approach  is  experimentally  demonstrated  in  the 
time  domain  LMS  acdve  control  of  broadband  sound  radiated  from  a  vibrating  plate.  Comparisons 
of  the  control  performances  obtained  with  the  wave-number  sensor  and  error  microphones  in  the  far 
field  show  that  only  a  few  point  sensors  are  required  to  provide  accurate  radiation  information  over 
a  broad  frequency  range.  The  approach  demonstrates  good  broadband  global  control  of  sound 
radiation.  ©  1995  Acoustical  Society  of  America. 

PACS  numbers:  43.40.Dx,  43.40.Vn 


INTRODUCTION 

Over  the  past  few  years,  much  research  has  been  con¬ 
ducted  in  the  area  of  active  control  applied  to  structure-borne 
sound.  In  active  structural  acoustic  control  (ASAC),  the 
minimization  of  sound  radiation  is  achieved  by  applying  os¬ 
cillating  force  inputs  directly  to  the  structure  rather  than  by 
exciting  the  acoustic  medium  with  loudspeakers  (active  noise 
control).  The  technique  can  often  produce  global  far-field 
attenuations  with  relatively  few  actuators  as  compared  to  ac¬ 
tive  noise  control.  In  early  studies.  Fuller  has  shown  both 
theoretically'  and  experimentally^  the  use  of  point  forces  as 
control  actuators.  More  recent  works  have  demonstrated  the 
potential  of  multiple  piezoelectric  actuators  to  replace  shak¬ 
ers  and  realize  a  more  compact  or  "smart”  structure.^ 

One  of  the  primary  concerns  in  active  control  of  sound 
is  choosing  the  appropriate  sensor  in  order  to  provide  the 
control  system  with  “error”  information.  Error  microphones 
located  in  the  far  field  have  yielded  good  results,  since  the 
quantity  to  minimize,  i.e.,  acoustic  power  radiated  from  the 
structure,  is  directly  related  to  the  far-field  pressure.  How¬ 
ever,  the  microphone  solution  is  often  impractical  in  real 
applications  and,  in  an  attempt  to  make  the  system  more 
compact,  the  current  research  tends  to  develop  radiation  sen¬ 
sors  that  are  mounted  on  the  structure.  One  possible  ap¬ 
proach  is  to  design  structural  error  sensors  in  order  to  mini¬ 
mize  the  vibrationr.  over  the  entire  radiating  surface  (active 
vibration  control).  Such  an  approach  would  obviously  yield 
sound  attenuation.  However  it  will  require,  in  many  cases,  a 
great  number  of  control  inputs.  A  more  practical  sensing 


technique  should  take  into  consideration  the  strucmre/fiuid 
interaction  so  that  only  the  radiating  part  of  the  structural 
vibrations  is  observed  by  the  sensor.  The  principal  advantage 
of  this  approach  is  that  it  allows  “modal  restructuring”  in  the 
control  mechanism; '•'*  in  some  cases,  the  residual  response  is 
not  attenuated  but  rather  the  structure  is  forced  to  behave  like 
an  inefficient  radiator.  As  a  result,  the  control  authority  and 
number  of  channels  required  to  achieve  sound  attenuation  is 
reduced.  Clark  and  Fuller  have  discussed  the  use  of  polyvi- 
nylidene  fluoride  (PVDF)  thin  film  modal  sensors  in  sound 
radiation  control  for  rectangular  radiators  below  the  critical 
frequency.^  With  appropriate  shapes  and  locations.  PVDF 
sensors  observe  only  those  structural  modes  that  efficiently 
radiate  to  the  far  field. 

For  planar  radiators,  the  radiating  part  of  the  strucmral 
vibrations  corresponds  to  the  supersonic  region  of  the  wave- 
number  spectrum  where  the  structural  wave  number  is 
smaller  than  the  acoustic  wave  number  in  the  surrounding 
medium.  Therefore,  a  possible  approach  is  to  build  a  wave- 
number  sensor  that  selects  and  estimates  those  supersonic 
wave-number  components.  Fuller  and  Burdisso  previously 
showed  the  potential  of  a  wave-number  domain  controller^ 
based  on  this  type  of  error  information.  For  implementation 
with  broadband  control  algorithms,  the  wave-number  esti¬ 
mate  must  be  performed  in  the  time  domain.  Following  these 
ideas,  Maillard  and  Fuller  introduced  a  new  sensing  tech¬ 
nique  that  predicts,  in  the  time  domain,  supersonic  wave- 
number  components  coupled  to  acoustic  radiation  in  pre¬ 
scribed  directions.’"*  In  the  approach  of  Maillard  and  Fuller. 
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the  wave-number  transform  of  the  structuraJ  acceleration  dis- 
tnbution  is  performed  in  real  time  using  point  sensors  with 
an  array  of  finite  impulse  response  (FIR)  filters  and  associ¬ 
ated  signal  processing.  The  resulting  error  signal  can  be  di¬ 
rectly  used  as  the  error  information  in  time  domain  control 
algorithms.  The  present  work  gives  further  development  and 
experimental  testing  of  the  method.  In  particular,  this  paper 
experimentally  demonstrates  the  use  of  such  an  approach  in 
the  active  control  of  sound  radiation. 

After  recalling  the  theoretical  basis  of  wave-number 
sensing  applied  to  acoustic  radiation  previously  discussed  in 
Refs.  7  and  8,  the  sensor  is  briefly  described  for  practical 
implementation.  Experimental  results  from  wave-number 
sensing  of  a  simply  supponed  plate  are  first  discussed.  The 
sensor  output  is  compared  to  the  actual  wave-number  com¬ 
ponent  of  the  plate  in  order  to  evaluate  the  prediction  accu¬ 
racy.  The  radiation  from  the  simply  supported  plate  is  then 
controlled  using  a  three-channel  feedforward  control  ap¬ 
proach.  The  system  is  excited  by  a  bandlimited  white  noise 
including  the  first  five  bending  modes  of  the  plate.  Wave- 
number  sensing  is  compared  to  the  use  of  error  microphones. 
Results  show  the  ability  of  the  technique  to  replace  far-field 
acoustic  measurements  and  provide  accurate  error  informa¬ 
tion  over  a  broadband  frequency  range.  Its  use  in  active 
structural  acoustic  control  is  successfully  demonstrated. 


I.  THEORY 


This  section  briefly  reviews  the  theoretical  concepts  as¬ 
sociated  with'the  proposed  sensing  technique.  For  more  de¬ 
tails,  the  reader  is  referred  to  the  two  previous  companion 
papers.^'* 

A.  Far-field  pressure  and  structural  wave-number 
component 


Figure  1  shows  a  two-dimensional  planar  structure  of 
length  I,  and  width  Ly  with  out-of-plane  displacement  along 
the  z  axis,  >v(x,y,r)  =  W(x,y Time  harmonic  excitation 
is  assumed  here.  The  following  results  are  easily  extended  to 
broadband  excitations  by  means  of  Fourier  transforms.  The 
strucmre  is  mounted  in  an  infinite  baffle,  i.e.,  W(x,y)-0  for 
\x\>Ljl2  and  \y\>Lyl2.  The  symbol  m  represents  the  angu¬ 
lar  frequency  and  t  is  the  continuous  time.  The  acceleration 
field  is  given  by  w{x,y ,t)=  - (tP'W{x,y)e^'^\  where  w  rep¬ 
resents  the  second  time  derivative  of  w.  The  pressure  radi¬ 
ated  by  the  structure,  p(x,y,z,t)  =  P{x,y,z)e-''^',  must  satisfy 
the  three-dimensional  Helmoltz  equation. 


along  with  the  boundary  condition  that  defines  the  interac¬ 
tion  between  the  structure  and  fluid. 


dP 

pW{x,y)=  -  —  {x,y,z)  at  2  =  0,  (2) 

oz 

where  kQ=w/c  denotes  the  acoustic  wave  number  and  c  is 
the  speed  of  sound  in  the  surrounding  medium.  The  quantity 
W(x,y)  represents  the  complex  amplitude  of  the  out-of¬ 
plane  acceleration  distribution,  i.e.,  W{x,y)~  —  <ti^W{x,y). 


Defining  the  two-dimensional  wave-number  transform  of 
spatial  distribution  f{x,y)  as 

=  fix,y)e^'^^eJ'^'^  dx  dy.  (jj 

Eqs.  (1)  and  (2)  become,  respectively,  in  the  wave-number 
domain. 


kl-kl-kl+-p\Hk,.ky,z)^Q, 


pW{k^,ky)=-  —  ik^,ky,z)  at  2  =  0.  (5) 

Note  that  the  sign  of  the  forward  transform  in  Eq.  (3)  U 
appropriately  chosen  to  obey  the  Sommerfeid  radiation  con- 
dition.  The  above  second-order  homogeneous  differential 
equation  is  solved  for  P{kj,ky,z)  as 

s,,  ,  ,  jpW{k,,ky) 

Xsxp[-j(kl-kl-kly^^z].  (6) 

The  term  exp[+y(io-i^-fcy)*^^2]  that  represents  waves 
going  toward  the  strucmre  is  omitted  since  the  acoustic  me¬ 
dium  is  boundless.  The  single  constant  that  remains  in  the 
solution  is  then  found  using  the  transformed  boundary  con¬ 
dition  in  Eq.  (5).  From  Eq.  (6),  the  transformed  pressure  field 
is  seen  to  decrease  exponentially  as  waves  travel  away  from 
the  structure  for  values  of  k^^  and  ky  such  that  k\  +  k}y>k\, 
i.e.,  in  the  subsonic  wave-number  region.  The  strucmre  radi- . 
ates  in  the  far  field  only  when  +  i.e.,  in  the  super¬ 

sonic  wave-number  region.  Now,  the  pressure  field  is  ex¬ 
pressed  in  the  spatial  domain  by  applying  the  inverse  wave- 
number  transform: 


1 

lii 


dk^dky.  (7) 

lunger  and  Feit®  showed  that  the  above  integral  can  be  evalu-  | 
ated  in  the  far  field  using  the  stationary  phase  approximation.  '• 
Using  spherical  coordinates,  x=r  sin  ^cos  i,  ® 
y  =  r  sin  0 sin  and  z-rcos0,  the  points  of  stationary  f 
phase  are  found  to  be  t 


k^  =  ko  sin  ff  cos  (f>  and  ky  =  kQ  sin  6  sin  (8) 

The  pressure  field  at  a  particular  spherical  coordinate  now 
becomes  a  function  of  the  acceleration  wave-number  trans¬ 
form  evaluated  at  {k^  ,ky): 

pe'-'V 

p{r,e,4>,t)= -T— 


X  sin  6  cos  <^,^o  sin  6  sin  d>)e’“‘‘' 

The  main  significance  of  the  above  expression  can  be  stated 
as  follow:  For  a  baffled  planar  structure,  the  far-field  radia 
tion  in  a  given  direction  is  solely  a  function  of  the  wav 
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limber  component  evaJuated  at  the  stationary-phase  wave 
umbers.  This  result  motivates  the  design  of  a  structural 
ave-number  sensor. 


g.  Estimate  of  the  acceleration  wave-number 
ransform 

time  domain  estimate’  of  the  strucniraJ  out-of-plane 
acceleration  wave-number  component  coupled  to  acoustic 
;aciiation  in  direction  {9,<i>)  can  be  constructed  by  discretizing 
the  spatial  structural  response  over  a  grid  of  by  Ny  mea¬ 
surement  points  equally  spaced  along  the  jc  and  y  axis.  The 
continuous  representation  of  the  acceleration  wave-number 
transform  is  approximated  by  a  finite  summation  defined  as 


,ky ,/)  =  lx  Ay  2  2 

\  /!u  »  1 


^  Xexp(Jk^„  )exp(jkyy^  ),  (10) 

Sir'  ^  ^ 

where  Ax  =  and  Ay  =  l^/Ny .  Writing  the  stationary- 

phase  wave  numbers,  k^  and  ky ,  in  terms  of  frequency  [Eq. 
3  (8)],  the  discrete  wave-number  transform  in  Eq.  (10)  can  be 
^  rewritten  in  terms  of  the  frequency  (o  and  radiation  angles 
(ft(^)  as 

I'.  _  IV,  y, 

VVj(H'.(9,<i./)  =  AxAv  2  2  -y,  .f) 

/!,=  I  /I^=  1  ^ 

Xexp(7tuT,^„^),  (11) 

^  where  the  tiine  delay  is  given  by 

sin  &  cos  sin  &  sin  <^)/c.  (12) 

In  the  above  expression,  w(x„^,y„^,f)  represents  the  time 
^  domain  acceleration  measured  at  location  (x„^,y„^)  while  the 


exponential  term  is  a  constant  magnitude  and  linear  phase 
transfer  function.  In  order  to  obtain  causal  transfer  functions, 
Le.,  transfer  functions  having  a  negative  phase  shift  at  ail 
frequencies  of  interest,  a  constant  time  delay  Ar 
max{r„^^  is  subtracted  from  r„^„  ;  i.e.,  the  time  delay  in 
Eq.  (II)  becomes 

ft  = ‘’’n  n  «,=  l,2 . N^,  ny=  1 ,2,...,Ny  . 

"  '  (13) 

^e  modified  transfer  functions  can  now  be  modeled  by  S- 
jiite  impulse  response  filters.  Note  that  the  discrete  wave¬ 
number  component  becomes  w^(k^,:  —  At).  It  has  been 
shown  previously  that  this  delayed  error  signal  yields  the 
same  control  performances  as  Wi(k^,t)? 

It  should  be  noted  that  the  discrete  transform  of  Eq.  (10) 
allows  evaluation  of  ,ky  ,t)  at  any  value  of  (k^  ,ky)  and 
•bus  radiation  at  any  particular  angle.  The  more  conventional 
<llscrete  Fourier  transform'®  is  usually  defined  only  for  a  dis¬ 
crete  ^et  of  values,  nAA:,  and  nlky ,  where  Ik^  and  Iky 
*epresent  the  spatial  frequency  resolution  along  the  x  and  y 
**es.  This  definition  makes  possible  the  use  of  fast  Fourier 
'  •ransform  algorithms  in  the  off-line  evaluation  of  the  wave- 
uumber  transform."  However,  the  FFT  approach  cannot  be 
applied  to  real  time  wave-number  sensing. 

2615  j.  Acoust.  Soc.  Am.,  Vol.  98,  No.  5,  Pt.  1,  November  1995 


FIG.  1 .  Plate  geometry  and  control  arrangement. 

II.  EXPERIMENTAL  SETUP 

An  experimental  investigation  of  the  sensing  technique 
and  AS  AC  implementation  was  performed  on  a  simply  sup¬ 
ported  plate  mounted  in  a  rigid  baffle  inside  an  anechoic 
chamber  with  a  cutoff  frequency  of  250  Hz.  The  place  is 
made  of  plain  carbon  steel  and  has  dimensions  380X298 
X 1 .93  mm.  The  arrangement  is  shown  schematically  in  Fig. 
1.  Thin,  flexible  metal  shims  connect  the  edges  of  the  plate  to 
a  heavy  support  stand  to  provide  the  simply  supported 
boundary  conditions.  Table  I  gives  the  experimentally  mea¬ 
sured  resonance  frequencies  of  the  first  ten  bending  modes  of 
the  plate. 

To  validate  the  sensing  method,  a  first  set  of  tests  was 
conducted  to  compare  the  wave-number  components  pre¬ 
dicted  by  the  sensing  technique  with  the  actual  wave-number 
components  of  the  plate  over  a  broadband  frequency  range. 
The  disturbance  signal  is  a  bandlimited  random  noise  from  0 
to  630  Hz  which  is  generated  by  a  Briiel  &  Kjaer  2032  spec¬ 
trum  analyzer  and  a  Frequency  Device  9002  low-pass  filter 
with  cutoff  frequency  630  Hz.  This  signal  is  amplified  and 
fed  to  a  point  force  shaker  actuator.  The  shaker  location  is 
given  in  Table  II. 

The  predicted  wave-number  component  is  constructed 


TABLE  I.  Measured  plate  resonant  frequencies. 
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Table  n.  Transducer  locauons. 


Transducer  rype 

X  coordinate  (mm) 

y  coordinate  (ram) 

disturbance  (shaker) 

-115 

-84 

control  1  fpzt) 

79 

-67,5 

control  2  fpzt) 

79 

58 

control  3  (pzt) 

-35 

-6 

according  to  the  discrete  formulation  in  Eq;  (11).  Figures  1 
and  2  present  the  configuration  of  the  wave-number  sensor. 
Nine  accelerometers  are  mounted  on  the  structure  to  provide 
the  strucmral  information,  i.e.  N^  =  My  =  2.  Referring  to  Fig. 
2,  the  acceleration  signals  are  sampled  and  passed  through 
digital  filters  whose  impulse  responses  model  the  transfer 
funcdons  exp(ywf,^„  )  as  described  in  Refs.  7  and  8.  The 
sum  of  the  filtered  signals  gives  the  time  domain  estimate  of 
the  wave-number  component.  The  wave-number  sensor  uses 
three  mini  B&K  accelerometers  and  six  BBN  501  acceler¬ 
ometers.  Six  in-house  developed  charge  amplifiers  and  three 
B&K  charge  amplifiers  type  2635  are  used  to  condition  the 
accelerometer  output  signals.  The  signal  processing  part  of 
the  sensing  technique  is  implemented  on  a  TMS320C30  digi¬ 
tal  signal  processor  (DSP)  board  installed  into  a  host  80486- 
based  personal  computer.  A  C  code  has  been  previously  writ¬ 
ten  to  process  up  to  12  input  signals  and  generate  three 
output  signals  corresponding,  respectively,  to  12  structural 
measurements  points  and  three  wave-number  components.  In 
the  following  tests,  the  three  outputs  are  used,  thus  allowing 
to  test  the  sensor  accuracy  in  threS  different  directions  simul¬ 
taneously.  The  three  estimated  wave- number  components 
were  chosen  to  be  coupled  to  far-field  radiation  at  angles 
^=-36®.  5=0®,  and  5=36®  in  thex-j  plane  (0=0®).  These 
three  angles  were  found  to  adequately  sample  the  pressure 
field  in  the  radiation  midplane.  The  filter  impulse  responses 
associated  with  each  point  sensor  are  computed  analytically 
as  described  in  Ref.  8.  The  sampling  frequency  was  set  to 
2000  Hz  and  each  filter  had  three  coefficients  to  model  the 
transfer  functions.  In  order  to  compensate  for  the  slight  mag¬ 
nitude  and  phase  differences  between  the  dynanuc  response 
of  each  accelerometer  and  charge  amplifier  path,  each  “sens¬ 
ing”  discrete  impulse  response  is  convolved  with  a  “calibra¬ 
tion”  impulse  response.  The  calibration  impulse  response  is 
implemented  by  a  FIR  filter  designed  to  model  the  magni¬ 
tude  and  phase  differences  relative  to  a  reference  path.  To 
this  purpose,  the  accelerometers  are  initially  mounted  on  a 


FIG.  2.  Wave-number  sensor  block  diagram. 
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piston  shaker  providing  constant  acceleration  over  its  sur¬ 
face.  With  the  shaker  being  exciting  over  the  frequency  range 
of  interest,  i.e.,  0-630  Hz,  the  outputs  of  the  charge  ampli¬ 
fiers  are  fed  to  the  DSP  board  and  an  on-line  system  identi¬ 
fication  code  using  the  LMS  algorithm  is  implemented  to 
update  the  FIR  filter  coefficients.  Five  coefficients  were  used 
for  the  calibration  impulse  response.  Thus  the  resulting  filters 
had  seven  coefficients. 

The  actual  wave-number  component  of  the  plate  is  com¬ 
puted  using  the  plate  out-of-plane  response  data  measured  by 
a  laser  vibrometer.  The  laser  vibrometer  is  mounted  on  a 
computer-controlled  linear  traverse  that  allows  the  measure¬ 
ments'  of  the  transfer  function  between  the  disturbance  signal 
and  the  plate  out-of-plane  velocity  on  an  eight  by  seven  grid 
of  points  equally  spaced  on  the  plate.  The  plate  modal  am¬ 
plitudes  and  its  wave-number  transform  are  then  computed 
off-line  as  described  in  the  Appendix.  Preliminary  studies  on 
an  analytical  model  showed  that  the  above  discretization 
gave  almost  perfect  matching  between  continuous,  i.e.,  the 
closed-form  expression  of  the  wave-number  transform,  and 
discrete  representation,  on  the  frequency  range  of  interest. 
Here,  the  discrete  representation  refers  to  the  off-line  esti¬ 
mate  of  wave-number  components  using  Eq.  (10)  rather  than 
the  output  of  the  wave-number  sensor. 

The  second  set  of  experiments  was  conducted  to  dem¬ 
onstrate  the  use  of  the  sensing  technique  in  a  feedforward 
sound  radiation  control  approach  with  broadband  distur¬ 
bances.  Three  single-sided  G1195  PZT  piezoelectric  actua¬ 
tors  with  dimension  38X32x0.19  mm  are  mounted  on  the 
plate  as  control  inputs.  Their  center  coordinates  are  given  in 
Table  II  and  they  are  shown  schematically  in  Fig.  1.  The 
disturbance  input  is  applied  through  the  same  shaker  as  for 
the  sensing  tests.  The  low-pass  filter  cutoff  frequency  is  now 
set  to  400  Hz  in  order  to  include  the  first  five  bending  modes 
of  the  plate.  The  wave-number  sensor  also  uses  the  same 
configuration  as  for  the  sensing  tests,  i.e.,  same  sampling 
frequency  and  filter  coefficients.  To  compare  the  perfor¬ 
mances  of  the  wave-number  sensor  with  far-field  pressure 
sensing,  three  error  microphones  are  set  up  in  the  radiation 
field.  The  three  microphones  are  located  in  the  horizontal 
plane  (0=0°)  at  a  radius  r=  1.85  m  along  the  three  directions 
of  pressure  estimate  given  above.  The  filtered-X  version  of 
the  LMS  algorithm*^  is  implemented  on  a  second 
TMS320C30  DSP  board  in  order  to  drive  the  three  control 
inputs.  The  control  system  adapts  the  coefficients  of  three 
FIR  compensators  based  upon  the  error  signals,  i.e.,  outputs 
of  wave-number  sensor  or  far-field  error  microphones,  and 
the  reference  signal  filtered  by  an  estimate  of  the  transfer 
functions  between  each  one  of  the  three  control  input  signals 
and  three  error  output  signals.  These  nine  fixed  transfer  func¬ 
tions  can  be  modeled  by  infinite  impulse  response  (HR)  fil¬ 
ters  in  the  case  of  broadband  disturbances  as  discussed  in 
Refs.  13  and  14.  The  reference  signal  is  taken  from  the  out¬ 
put  of  the  low-pass  filter,  thus  providing  a  signal  coherent 
with  the  disturbance.  The  sampling  frequency  of  the  control¬ 
ler  board  is  set  to  1500  Hz.  A  set  of  nine  35th-order  HR  filter 
are  used  to  model  the  filtered-X  paths,  while  the  three  adap¬ 
tive  FIR  compensators  have  a  35  coefficient  impulse  re¬ 
sponse.  Note  that  a  single  board  could  implement  both  sens- 
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jug  and  control  part,  due  to  the  relatively  low  computational 
load  required  by  the  wave-number  sensor.  However  for  these 
laboratory  tests,  it  was  more  convenient  to  program  the  sens¬ 
ing  and  control  on  separate  DSP  boards.  To  monitor  the  ra- 
(  diated  sound  from  the  uncontrolled  and  controlled  system,  a 
^  microphone  traverse  located  in  the  far-field  measures  the 
"  pressure  field  in  the  horizontal  plane  at  21  angles  with  a  9- 
deg  increment.  Three  extra  fixed  microphones  provide  pres¬ 
sure  information  out  of  the  horizontal  plane  in  order  to  con- 
finn  .he  global  nanire  of  the  control.  Their  location  appears 
in  Table  III.  The  laser  vibrometer  data  is  also  used  to  com¬ 
pute  the  plate  modal  amplimdes  before  and  after  control  as 
described  in  the  Appendix.  All  the  measured  time  domain 
signals  are  transformed  into  the  frequency  domain  using  a 
B&K  analyzer  type  2032. 


HI.  RESULTS 

A.  Wave-number  sensing 

Analytical  results  and  simulations  from  Refs.  7  and  8 
show  that  only  a  small  number  of  point  sensors  are  required 
to  estimate  wave-number  components  for  the  low-order 
f  modes  of  a  simply  supported  beaifl.  The  following  section 
discusses  the  experimental  results  obtained  with  the  simply 
11  supported  plate  and  sensor  presented  earlier. 

Iv  Figure  3  shows  the  magnitude  of  the  actual  (solid  line) 
§ f  and  predicted  (dashed  line)  wave-number  components  asso¬ 
ciated  with  direction  of  radiation  5=36®.  Both  transfer  func¬ 
tions  are  relative  to  the  disturbance  signal  (output  of  the  sig¬ 
nal  generator)  and  the  peaks  observed  in  the  response  do  not 
always  match  the  resonance  frequencies  given  in  Table  I.  As 
in  standard  modal  analysis  practice,  these  resonance  frequen- 


3.  Actual  ( - )  and  predicted  ( — )  wave-number  component 

®®“Pled  to  direction  of  radiation  (^36°.  0=0°). 
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cies  are  cased  on  transfer  ..nctions  relative  to  the  output 
signal  of  a  force  transducer  monitoring  the  input  force  ap¬ 
plied  by  the  disturbance  shaker.  The  plot  shows  excellent 
matching  between  actual  and  predicted  wave-number  com¬ 
ponents  up  to  200  Hz.  Slight  magnimde  increases  occur 
above  this  frequency  but  the  variations  remain  within  3  dB 
over  the  first  five  modes  of  the  plate.  Above  400  Hz.  the 
error  between  actual  and  predicted  wave-number  component 
further  increases  reaching  a  maximum  of  8  dB  at  the  reso¬ 
nance  frequency  of  mode  (4,2).  The  phase  angle  exhibits  the 
same  trends  and  is  not  shown  here.  Also  not^that  similar 
performances  were  obtained  in  the  two  other  "directions  of 
prediction,  i.e..  5= -36®  and  5=0°,  Since  the  radiated  pres¬ 
sure  is  directly  proportional  to  the  wave-number  component 
corresponding  to  the  direction  of  radiation,  the  above  results 
ensure  that  the  sensor  is  also  providing  good  broadband  pre¬ 
diction  of  sound  radiation  as  discussed  later. 

The  variations  between  acmal  and  predicted  wave- 
number  components  can  be  further  discussed  in  terms  of 
aliasing  due  to  the  discrete  integration  scheme  of  the  wave- 
number  transform.  A  one-dimensional  structure  is  considered 
here  for  simplicity.  As  discussed  by  Fahy,'^  the  pth  bending 
mode  presents  a  main  peak  in  the  wave-number  domain  at 
k,  =  ipTT/L.  Hence  significant  aliasing  will  occur  at  the  cor¬ 
responding  resonance  frequency  if  the  Nyquist  wave  number. 
Ks  =  TrlAx  (^.x-=UNj  being  the  spatial  sampling  period),  is 
smaller  than  pirlL  or  Nj<p.  Moreover,  since  the  struemre  is 
finite,  the  main  peak  obtained  at  a  resonance  frequency  will 
be  scattered  into  a  continuum  of  smaller  wave-number  com¬ 
ponents  extending  up  to  infinity.  Therefore,  some  aliasing 
will  also  occur  for  modes  where  Nj>p.  In  order  to  reduce 
aliasing  errors,  it  is  necessary  to  filter  out  the  wave-number 
components  that  are  higher  than  the  Nyquist  wave  number. 
No  sensor  design  has  been  propo  -ed  at  this  time  to  achieve 
spatial  wave-number  filtering.  Such  a  sensor  should  con¬ 
volve  the  spatial  distribution  of  the  structural  response  with 
the  appropriate  impulse  response,  whose  wave-number  trans¬ 
form  has  the  characteristics  of  a  low-pass  filter.  It  should  be 
noted  that  distributed  sensors,  such  as  PVDF  films,  perform 
spatial  weighting  of  the  structural  response,  i.e.,  a  multipli¬ 
cation  rather  than  a  convolution  product.  Discussion  of  alias¬ 
ing  and  its  effect  on  the  discrete  wave-number  transform  and 
aliasing  are  also  given  in  Ref.  7. 

To  further  validate  the  wave-number  sensing  technique, 
it  is  of  interest  to  study  how  the  wave-number  information 
relates  to  the  actual  radiated  pressure.  In  theory,  wave- 
number  components  coupled  to  a  given  direction  of  radiation 
are  related  to  the  far-field  pressure  by  a  constant  magnimde 
and  linear  phase  factor  as  expressed  in  Eq.  (9).  Figure  4 
shows  the  magnimde  of  the  transfer  function  between  the 
signal  generator  and  the  measured  acmal  wave-number  com¬ 
ponent  coupled  to  direction  5=36®  along  with  the  magnimde 
of  the  measured  transfer  function  between  the  signal  genera¬ 
tor  and  the  traverse  microphone  output  located  along  the 
same  direction.  Note  that  a  scaling  factor  has  been  intro¬ 
duced  to  facilitate  the  comparison.  Very  good  agreement  be¬ 
tween  wave-number  information  and  measured  radiated  pres¬ 
sure  is  obtained  at  practically  all  frequencies.  The  important 
variation  noticed  at  the  resonance  frequency  of  mode  { 1 ,2)  of 
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FIG.  4.  Actual  ( - )  wave-number  component  and  measured  ( - ) 

pressure  in  direction  of  radiadon  (^36°,  0=0*). 

the  plate,  244  Hz,  is  mainly  due  to  60-Hz  noise  in  the  mi¬ 
crophone  charge  amplifier  used  for  the  measurements.  Very 
poor  coherence  (below  0.4)  was  noticed  at  this  frequency.  It 
should  also  be  noted  that  the  even  modes  along  the  y  direc¬ 
tion.  i.e.,  modes  (1,2),  (2,2),  and  (3,2),  do  not  exhibit  the 
expected  zero  sound-pressure  level  in  the  horizontal  x-z 
plane.  Due  to  imperfections  in  the  boundary  conditions  as 
well  as  the  discontinuities  introduced  by  the  piezoelectric 
patches  and  the  disturbance  shaker,  the  mode  shapes  of  the 
plate  are  not  perfectly  symmetric  with  respect  to  the  x  and  y 
axes.  Hence,  the  velocity  distribution  along  the  y  direction 
does  not  perfectly  cancel  to  give  zero  far-field  pressure  in  the 
horizontal  plane. 


B.  Radiation  control 

The  second  set  of  experiments  described  in  this  paper 
implements  wave-number  sensing  in  the  radiation  control  of 
the  plate  presented  earlier.  As  described  in  part  II.  the  control 
approach  uses  a  three  channel  filtered-X  LMS  algorithm  and 
the  wave-number  sensor  provides  an  estimate  of  the  accel- 


FIG.  5.  Auto-spectnim  of  the  third  wtve-aumber  sensor  error  signal  {ff 
=36°,  <^=0°)  before  ( - )  and  after  ( - )  control. 


FIG.  6.  Auto-spectrum  of  the  third  microphone  error  signal  (5=36°.  ' 

before  ( - )  and  after  ( — )  control. 


eration  wave-number  components  coupled  to  radiation  in  di¬ 
rections  ^-36®,  0=0°,  and  0=36°.  Three  microphones  lo¬ 
cated  in  the  far  field  at  the  same  angles  in  the  horizontal 
plane  are  also  used  as  error  signals  in  order  to  compare  the 
relative  performances  of  both  types  of  sensing. 

Figure  5  shows  the  experimentally  measured  auto¬ 
spectrum  of  the  third  error  signal  (wave-number  component 
estimate  coupled  to  radiation  at  angle  0=26°)  for  the  uncon¬ 
trolled  (solid  line)  and  controlled  (dashed  line)  system  using 
wave-number  sensing  as  described  above.  Significant  reduc¬ 
tion  is  achieved  across  the  entire  bandwidth.  The  radiation 
for  each  one  of  the  five  modes  is  attenuated  and  the  residual 
response  does  not  show  any  clear  resonance  behavior,  result¬ 
ing  in  a  rather  flat  frequency  content.  The  same  trends  were 
measured  for  the  first  {0=-36°)  and  second  (^=0°)  error 
signals.  The  total  sound-pressure  level  attenuation  o:  the 
three  error  signals  was  calculated  by  integrating  the  three 
auto-spectra  over  10-600  Hz.  Reduction  levels  of  12,  12.8,  > 
and  13.5  dB  were  achieved,  respectively.  When  replacing  the 
wave-number  sensor  outputs  by  the  three  error  microphones, 
similar  performances  are  obtained  in  terms  of  error  signals. 
Figure  6  shows  the  auto-spectrum  of  the  third  microphone 
error  signal  (^=36®)  before  and  after  control.  Again,  attenu¬ 
ation  is  achieved  over  the  entire  bandwidth.  In  this  case,  the 
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FIG.  7.  Total  sound-presssure  level  reduction  integrated  over  10-600 
using  wave-number  sensor  ( - )  and  error  microphones  ( - ). 
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Iffe _ _ 

BSPL  reducQon  in  dB  Locauon  1  Location  1  Location  3 

Ktyave-number  sensing  11.8  9.6  10.3 

Pcior  microphones  12.4  10.6  10.6 


total  reduction  levels  for  the  three  microphones  are  9.3,  10.4, 
and  13.6  dB.  respectively. 

In  order  to  estimate  the  overall  performances  of  both 
control  systems  using  wave-number  sensing  or  pressure  mea¬ 
surements.  far-field  pressure  auto-spectra  are  measured  in  the 
horizontal  plane  for  -90°  90°  and  at  three  “random” 

locations  out  of  the  horizontal  plane.  Figure  7  shows  the 
reduction  in  decibels  integrated  over  the  10-  to  600-Hz  band¬ 
width  and  measured  in  the  horizontal  plane.  The  solid  line 
corresponds  to  the  use  of  the  wave-number  sensor  and  the 
dashed  line  represents  the  performances  obtained  with  error 
microphones.  The  three  dashed-dotted  straight  lines  show 
the  three  direction  of  minimization.  The  reduction  obtained 
at  the  three  extra  locatior  shown  in  Table  IV  and  confirm 
the  global  nature  of  the  ,trol.  The  two  sensing  methods 
yield  almost  the  same  petrormances.  Between  10-  and  12-dB 
reduction  is  obtained  at  all  angles  and  similar  results  can  be 
found  at  the  three  extra  locations  which  were  out  of  the 
traverse  plane.  Thus  the  wave-number  sensor  appears  to  be 
fully  able  to  replace  the  three  error  microphones  in  the  far 
field. 

To  further  compare  the  performances  of  wave-number 
sensing  versus  the  use  of  error  microphones,  the  system 
structural  and  acoustic  response  is  now  studied  at  three  dis¬ 
tinct  frequencies.  The  plate  modal  amplitudes  are  computed 
at  244,  305,  and  1 10  Hz  from  the  measured  broadband  data 
(laser  vibrometer),  as  outlined  in  the  Appendix.  Results  are 
shown  in  Figs.  8,  10,  and  12,  respectively.  For  each  of  the 
above  frequencies,  the  corresponding  far-field  directivity  pat¬ 
tern  obtained  from  the  traverse  microphone  measurements  is 
also  presented  in  Figs.  9,  11,  and  13.  respectively. 

At  244  Hz,  the  plate  is  on  resonance  of  the  mode  (1,2). 
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t 

FIG.  9.  Far-field  sound-pressure  level  at  244  Hz  before  ( - )  and  after 

control  using  wave-number  sensor  ( — )  and  error  microphones  ( - /. 

On-resonance  cases  yield  better  accuracy  for  the  wave- 
number  sensor  than  off-resonance  cases  as  shown  in  Fig.  3. 
As  a  result,  the  plate  modal  response  after  control  for  244  Hz 
(Fig.  8)  shows  almost  the  same  characteristics  for  both  wave- 
number  and  microphone  sensing  methods.  As  expected,  the 
far-field  pressure  in  the  horizontal  plane  also  exhibits  the 
same  behavior  whether  wave-number  or  pressure  sensing  is 
used. 

Off-resonance,  the  sensor  accuracy  deteriorates  and 
from  the  increased  modal  complexity,  the  control  system  be¬ 
comes  more  sensitive  to  small  variations  in  the  error  signal. 
As  shown  in  Fig.  10,  the  modal  amplitudes  after  control 
using  the  wave-number  sensor  differ  slightly  from  the  re¬ 
sponse  using  pressure  sensing.  However  the  variations  in  the 
error  signals  remain  small  and  both  set  of  modal  amplitudes 
follow  the  same  tendency.  Moreover  the  variations  do  not 
significantly  affect  the  far-field  pressure  as  seen  in  Fig.  11. 
For  the  second  off-resonance  case  presented  here  (110  Hz), 
both  methods  reduced  mode  (1,1)  to  about  the  same  level. 
However  the  amplitude  of  mode  (2,1)  increases  much  more 
with  the  error  microphones.  In  addition  to  the  reasons  given 
above,  the  far-field  error  measurements  also  differ  from  the 
estimated  wave-number  components  due  to  the  presence  of 
reflected  sound  waves.  At  this  frequency,  the  chamber  is  no 
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8.  Velocity  modal  amplitudes  at  244  Hz  before  and  after  control  using 
Mve.flumber  sensor  and  error  microphones. 


RG.  10.  Velocity  modal  amplitudes  at  30S  Hz  before  and  after  control  using 
wave-number  sensor  and  error  microphones. 
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FIG.  11.  Far-field  sound-pressure  level  at  305  Hz  before  ( - )  and  after 

control  using  wave-number  sensor  ( — )  and  error  microphones  ( - ). 

longer  perfectly  anechoic.  As  a  result,  the  measured  sound 
pressure  is  perturbed  by  reflections  from  the  chamber  walls 
while  the  output  of  the  wave-number  sensor  remains  unaf¬ 
fected  by  the  surrounding  sound  field.  As  expected,  the  error 
microphones  do  a  better  job  in  reducing  the  sound  pressure 
in  the  far  field.  The  microphones  measure  the  free  field  as 
well  as  the  reflected  field.  On  the  other  hand,  the  wave- 
number  sensor  only  observed  the  free  field,  thus  resulting  in 
poorer  performances.  The  above  results  present  a  good  ex¬ 
ample  of  modal  restructuring.'*  The  controlled  modal  ampli¬ 
tude  of  mode  (2,1)  increases  but  the  total  structural  response 
still  has  a  lower  radiation  efficiency  resulting  in  far  field 
pressure  reduction. 

iV.  CONCLUSIONS 

Broadband  structural  wave-number  sensing  has  been  ex¬ 
perimentally  demonstrated  in  the  case  of  a  baffled  simply 
supported  vibrating  plate.  The  main  significance  of  the  ap¬ 
proach  is  its  ability  to  estimate,  in  the  time  domain,  super¬ 
sonic  wave-number  components  coupled  to  prescribed  direc¬ 
tions  of  radiation  over  a  broadband  frequency  range. 
Provided  the  sensor  is  accurate  enough,  it  can  completely 
replace  the  use  of  error  microphones  in  the  case  of  baffled 
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FIG.  12.  Velocity  modal  amplitudes  at  110  Hz  before  and  after  control  using 
wave-number  sensor  and  error  microphones. 
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FIG.  13.  Far-field  sound-pressure  level  at  110  Hz  before  ( - )  and  afta 

control  using  wave-number  sensor  ( — )  and  error  microphones  (-  — ). 


planar  structures.  The  available  bandwidth  is  directly  related 
to  the  sensor  complexity,  i.e.,  number  of  measurement  points 
and  order  of  the  FIR  filters.  When  observing  the  low-order 
structural  modes,  comparison  of  predicted  and  actual  wave- 
number  information  shows  that  only  a  few  point  sensors  are 
required  to  build  a  fairly  accurate  integration  scheme  of  the 
wave-number  transform.  In  order  to  improve  the  accuracy  of 
the  sensor,  the  use  of  spatially  convolving  sensors  shou-d  be 
considered  to  provide  antialiasing  filters  in  the  wave-number 
domain. 

When  applied  to  radiation  control,  wave-number  sensing 
yields  the  same  levels  of  attenuation  as  error  microphones  in 
the  far  field.  By  observing  the  radiating  pan  of  the  strucoiral 
vibrations  (supersonic  wave-number  components),  wave- 
number  sensing  provides  a  more  selective  error  information 
compared  to  other  strucmral  sensing  methods.  As  a  result, 
the  control  authority  needed  to  reach  a  given  level  of  sound 
reduction  is  decreased  and  thus,  the  wave-number  approach 
results  in  improved  performances  and  efficiency.  Moreover, 
it  can  be  of  special  interest  when  directional  rather  than  glo¬ 
bal  control  is  needed.  Sensing  radiation  in  prescribed  direc¬ 
tions  rather  than  over  the  entire  surrounding  medium  also  i 
reduces  control  authority. 

The  present  approach  is  only  valid  in  the  case  of  baffled 
planar  radiators.  For  more  complex  geometries  and  non- 
baffled  structures,  a  different  type  of  integration  scheme  j 
must  be  derived  to  account  for  the  diffraction  terms.  Th.is  is 
the  topic  of  future  investigations. 
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appendix 

The  evaluation  of  the  plate  modal  amplimdes  and  wave- 
number  transform  from  the  out-of-plane  velocity  measure¬ 
ments  is  briefly  outlined.  The  plate  out-of-plane  velocity 
w(x,y,t)  is  expressed  using  the  assumed  modes  method  as 
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/T<  *  I  n  *  I  • 

=  jcoV/{x,y)eJ'^\  (Al) 

wh<^re  V/„,„  is  the  complex  modal  amplitude  of  mode  (m,n). 
Assuming  the  plate  is  effectively  subject  to  simply  supported 
bou'.'.d^iry  conditions,  the  mode- shapes  along  the  x  and  y 
(iirections  are  expressed  in  the  coordinate  system  of  Fig.  I  as 

(f,„{x)  =  sin[y„ix-<-LJ2)] 


<?b„(y)  =  sin[y,(y  +  Z.,/2)], 

respectively,  where  y„~mTrlL^  and  y^  =  nTrlLy.  Equation 
Zi-  (All  can  be  written  for  N  different  locations  (x,,y,), 

t;  j=l.2 . iV.  Truncating  the  modal  summation  to  include 

the  first  iV  modal  amplitudes,  the  resulting  set  of  equations  is 
' _  expressed  as  a  linear  system  of  the  form 

S{W^  =  {W}.  (A3) 

.i*  The  column  vector  contains  the  first  iV  velocity  modal 
'  amplitudes  ,  J-  1 included  in  the  summation 
of  Eq.  (Al).  The  column  vector  w  contains  the  N  measured 
;>■  transi'er  functions  between  a  reference  signal,  e.g.,  signal 
-  generator,  and  the  plate  out-of-plate  velocity  at  locations 
7*’’  (Xi.y,).  The  square  matrix  S  is  given  by 

S,.,=  <^„(x,.)0„(y,).  i*1.2 . ;=l,2 . IV. 


Since  there  is  only  a  finite  number  of  measurement 
■1'  points,  spatial  aliasing  occurs  in  the  modal  decomposition. 
^  Using  .V  measurement  points,  only  N  modal  amplitudes  can 
>be  resolved.  Therefore,  the  response  of  the  higher-order 
modes  must  be  assumed  negligible.  The  8  by  7  gri'!  used 
here  proved  to  be  sufficient  to  estimate  the  plate  rr  i  re¬ 
sponse  at  least  up  to  700  Hz.  This  can  be  checked  by  -serv¬ 
ing  the  roll  off  in  the  amplitudes  of  the  high-order  modes, 
r  After  solving  the  linear  system  in  Eq.  (A3)  for  the  modal 
anplitudes  \V„  ,  ,  the  wave-number  transform  of  the  out-of¬ 
plane  acceleration  is  obtained  as 


W{k,,ky)^ju>2  'V  (A5) 

Jm\  J  J  II 

n  .('fex  '*>)  represents  the  wave-number  transform  of 
•he  eigenfunction  of  mode  {mj.nj).  A  closed-form  expres- 
flon  is  given  as 

f  ^innilcM  =  ^„{k,)^.(ky),  (A6) 
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ABSTRACT 

In  this  paper,  analytical  and  experimental  results  of  an  investigation  of  active  control  of  sound  radiated 
from  cylinders  are  presented.  The  aluminum  cylinder  is  1  m  in  length,  25  cm  in  diameter  and  2.4  mm  in 
thickness  with  two  rigid  end-caps  at  both  ends.  The  excitation  is  a  band-limited  random  noise  encompassing 
the  first  five  modes  of  the  cylinder  and  the  control  actuators  are  surface  mounted  piezo-electric  transducers. 
Since  it  is  desired  to  integrate  the  error  senson  into  the  structure,  the  recently  developed  Discrete  Structural 
Acoustic  Sensing  (DSAS)  approach  is  extended  to  cylindrical  coordinates  and  implemented  using  twelve 
accelerometers  mounted  on  the  cylinder.  The  structural  acoustic  sensor  provides  time  domain  estimates 
of  far-field  radiated  sound  at  predetermined  radiation  angles.  The  controller  is  a  3  by  3  Filtered-X  LMS 
paradigm  implemented  on  a  TMS320C30  DSP.  The  results  show  good  global  control  of  the  radiated  sound 
over  the  frequency  bandwidth  of  excitation.  Most 'important,  the  proposed  discrete  structural  acoustic  sensor 
yields  similar  performances  as  error  microphones  located  in  the  far  field.  [Work  supported  by  the  Office  of 
Naval  Research] 

Keywords:  active  radiation  control,  cylinder,  experiment,  piezoelectric  transducer,  transducer 
array 


INTRODUCTION 

Much  research  has  been  conducted  in  the  active  control  of  low-frequency  structure-borne  sound.  When 
compared  to  passive  methods,  active  control  presents  significant  advantages  in  the  low-frequency  range 
where  passive  control  becomes  often  impractical  due  to  prohibitive  volume  and/or  mass  requirements.  For 
the  past  decade,  Active  Structural  Acoustic  Control  (ASAC)  has  received  much  attention  as  it  presents  a 
practical  alternative  to  the  control  of  low-frequency  radiated  noise  [1, 2).  In  this  technique,  the  radiated 
sound  pressure  is  attenuated  by  applying  mechanical  inputs  directly  to  the  structure  rather  than  by  exciting 
the  surrounding  medium  with  acoustic  sources  (Active  Noise  Control).  Piezo-electric  devices  have  been 
applied  extensively  to  Active  Structural  Acoustic  Control  systems  as  structural  actuators  [3-5]  thus  yielding 
a  compact  or  “smart”  structure.  In  an  attempt  to  further  reduce  the  size  of  the  overall  control  arrangement, 
the  microphones  located  in  the  far  field  to  provide  radiation  error  information  are  also  being  replaced  by 
structural  sensors  such  that  all  transducers  are  intepated  in  the  structure. 

As  most  ASAC  applications  involve  noise  control  below  the  coincidence  frequency  of  the  radiating  struc¬ 
ture,  appropriate  structural  sensors  for  ASAC  should  only  observe  the  radiating  part  of  the  structural 
vibrations.  This  gives  more  flexibility  to  the  controller  which  in  some  situations  modifies  the  structural  vi¬ 
brations  such  as  to  attenuate  far-field  radiation  with  no  net  reduction  in  the  oversill  vibration  levels.  Sound 
attenuation  in  the  far  field  can  then  be  achieved  with  a  reduced  control  authority  compared  to  cases  where 
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all  structural  motion  is  canceled  (Active  Vibration  Control)  [6]. 

With  the  emergence  of  polyvinylidene  fluoride  (PVDF)  as  a  sensor  material,  several  structural  sensors  for 
ASAC  have  been  proposed  to  observe  the  radiating  part  of  the  structural  vibrations.  Most  of  these  sensing 
techniques  are  based  on  modal  sensing  [7]:  the  sensor  effectively  observes  a  specific  set  of  modes  of  vibration 
(nattiral  or  radiation  modes  of  the  uncontrolled  response)  which  couples  well  to  far-field  radiation  [8-11]. 
An  accurate  knowledge  of  the  structure’s  dynamic  properties  is  therefore  required.  Recently,  an  alternative 
sensing  technique  referred  to  as  Discrete  Structural  Acoustic  Sensing  (DSAS)  was  demonstrated  both  ana¬ 
lytically  [12, 13]  and  experimentally  [14, 15]  on  bafiSed  planar  radiators.  The  technique  implements  an  array 
of  structural  point  sensors  whose  outputs  are  passed  through  digital  FIR  filters  to  estimate  in  real  time  the 
far-field  radiated  pressure  in  a  given  direction,  or  equivalently,  a  given  wave-number  component,  over  a  broad 
frequency  range.  It  uses  the  relation  between  the  structural  out-of-plane  vibrations  and  the  far-field  sound 
pressure  as  defined  by  the  Helmholtz  integral.  One  of  the  significant  advantages  of  this  strategy  lies  in  its 
low  modeling  requirements  compared  to  modal  sensing  approaches.  In  particular,  the  sensor  design  does  not 
require  the  knowledge  of  the  structural  mode  shapes  and  thus  remains  largely  independent  of  the  boundary 
conditions.  Consequently,  it  is  particularly  well  adapted  for  feedforward  control  approaches  commonly  used 
in  ASAC  systems  where  no  anal}rtical  system  modeling  is  necessary.  This  paper  presents  analytical  and 
experimental  results  on  the  extension  of  Discrete  Structural  Acoustic  Sensing  to  bafiSed  cylindrical  radiators. 

Most  of  the  work  on  ASAC  systems  deals  with  planar  geometries  or  systems  than  can  be  decomposed 
in  a  set  of  planar  radiators  and  few  reports  of  experiments  on  cylindrical  structures  can  be  found  in  the 
literature.  Previous  work  by  Clark  and  Riller  (16J  demonstrated  experimentally  the  harmonic  control  of 
sound  radiation  from  a  finite  enclosed  cylinder  using  PVDF  error  sensors  and  piezo-electric  actuators.  The 
present  study  extends  the  above  work  by  considering  broadband  radiation  control  over  the  first  five  flexural 
modes  of  the  structure.  After  briefly  introducing  the  theoretical  formulation,  analytical  and  experimental 
results  are  presented.  In  both  cases,  the  discrete  structural  acoustic  sensor  is  first  studied  in  terms  of  its 
accuracy  to  predict  r<uliated  pressure.  Broadband  radiation  control  results  are  then  discussed  by  comparing 
the  performances  of  the  sensor  to  those  of  error  microphones  located  in  the  far  field. 


THEORETICAL  BASIS 

This  section  presents  the  analytical  formulation  of  Discrete  Structural  Acoustic  Sensing.  A  relation  between 
discrete  structural  acceleration  and  far-field  pressure  estimate  is  derived  for  the  case  of  baffled  cylindrical 
geometries. 


Far-fleld  sound  pressure  For  the  general  case  of  arbitrary  geometries,  the  sound  pressure  radiated  from 
a  vibrating  structure  into  an  imbounded  m^um  can  be  expressed  using  the  Kirchhoff-Helmholtz  integral 
formulation  [17].  Assuming  a  harmonic  solution  for  the  pressure,  p(r)e^‘,  where  u  is  the  angular  frequency, 
this  is  expressed  as 


?(*■)  =  jj  ^  /»G(r|ro)ti;(ro)  -t-p{ro)^(r|ro) 


d5(ro),  rev 


(1) 


In  the  above  equation,  5o  denotes  the  radiating  surface  and  V  the  surrounding  volume.  The  sound  pressure 
p(r)  at  field  point  r  is  expressed  as  a  surface  integral  Involving  the  out-of-plane  structural  acceleration,  w(to), 
the  surface  pressure  p(ro),  the  Green’s  function,  G(r|ro),  and  its  normal  gradient,  and  the  fluid  density,  p. 
Note  that  this  formulation  assumes  the  radiator  has  solid  boundaries  such  that  the  fluid  velocity  on  the 
boundary  is  equal  to  the  structural  out-of-plane  velocity.  The  normal  pressure  gradient  then  becomes  equal 
to  pw{ro).  Discrete  Structxiral  Acoustic  Sensing  is  based  on  the  existence  of  a  Green’s  function  satisfying 
the  Neumann  boundary  condition. 


(rjro)  =0,  r  6  5o  (2) 

such  that  the  radiated  pressure  field  becomes  solely  dependent  on  the  structural  acceleration  and  geometry. 
For  baffled  cylindrical  geometries  (see  Figure  1),  a  closed-form  solution  exists  for  the  Green’s  function 
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Figure  1:  Baffled  cylindrical  geometries. 


verifying  equation  (2).  The  radiated  pressure  is  then  expressed  as 


p(i2,  e,4))=pj  j  G(i?,  6,  <l>\r  =  z')w{(f>\  z')a  d^'  dz* 


The  Green’s  function  in  equation  (3)  can  be  obtained  from  the  radiated  pressure  due  to  a  point  acceleration 
distribution  located  on  an  infinite  cylindrical  baffle.  The  resulting  expression  is  approximated  in  the  far  field 
as  [17] 


nin  a  Mn  ^  exp  [-jk{R  -  zp  cosg))  ^  cos  -  ^)] 


v^akRsine  ^  e„  [ka sin 0) 


where  e„  =  2  for  n  =  0  and  c„  =  1  for  n  >  0  (n  integer).  The  function  (i)  denotes  the  first  derivative 
of  the  Hankel  function  of  the  second  kind.  The  acoustic  wave-number  is  denoted  as  k  =  u/c  where  c  is 
the  speed  of  sound.  The  various  coordinates  and  dimensions  involved  in  equation  (4)  are  shown  in  Figure  1. 


Sensor  estimate  An  estimate  of  the  radiated  pressure  in  equation  (3)  is  now  constructed.  The  integral 
over  the  radiating  surface  So  is  approximated  using  a  N  point  zero-order  interpolation  of  the  acceleration 
distribution  [15],  i.e.,  the  acceleration  is  assumed  constant  over  N  small  elemental  surfaces,  5m,  tti  = 
1, 2, . . . ,  ^,  such  that  5  =  The  resulting  pressure  estimate  takes  the  general  form 

N 

PdiR,0,(f>,t)  ='^iv{<f>m,Zm,t)Hm{R,0,(i>)  (5) 

m=l 

where  (<^m,  -^m)  represents  the  coordinates  of  the  m*'‘  node,  and  Hm{Rr0>  sensor  transfer  function. 

Defining  5m  =  aAzm^<t>m  as  the  m**  elemental  surface  aligned  with  the  axial  and  circumferential  directions 
such  that  its  center  coincides  with  (<^m,  ^m),  the  sensor  transfer  functions  can  be  expressed  as 

rXm+AZm/2  r^mH-A^m/2 

Hm{R,0,<l>)  =  P  /  GiR,0,<l>\a,4>m,Zm)ad<i>  dz  (6) 

The  transfer  function  Hm{R,  0i  <t>)  can  be  interpreted  physically  as  the  sound  pressure  radiated  at  {R,  0,  (p) 
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from  the  elemental  surface  vibrating  along  the  normal  to  its  center  with  a  unit  acceleration. 

In  other  words,  the  pressure  estimate  is  constructed  by  summing  the  radiation  contribution  of  N  cylindrical 
pistons  weighted  by  the  measured  acceleration  amplitudes.  It  is  thus  referred  to  as  the  piston  approximation. 
Assuming  the  Green’s  function  remains  almost  constant  over  each  surface  Sm,  the  transfer  function  in  equa¬ 
tion  (6)  can  be  replaced  by  In  this  case,  the  far-field  pressure  is  estimated 

from  the  contribution  of  N  monopole  sources  (monopole  approximation).  As  expected,  both  approximations 
become  equivalent  as  kmax{Azm^  A^m)  <  I- 

It  should  be  stressed  that  the  sensor  transfer  functions  solely  depend  on  the  geometry  of  the  problem 
and  the  properties  of  the  fluid  medium.  No  accurate  knowledge  of  the  structure’s  dynamics  is  thus  required 
for  their  design.  Note  however  that  some  information  is  still  needed  in  order  to  determine  an  appropriate 
discretization  level  for  acctirate  estimates.  Rirthermore,  the  sensing  approach  can  be  extended  to  geometries 
for  which  no  Green’s  function  is  available  analytically.  The  far-held  pressmre  radiated  from  each  elemental 
surface  vibrating  independently  on  the  structure’s  boundary  must  then  be  solved  numerically  using  the 
Boundary  Element  Method. 


PRACTICAL  IMPLEMENTATION 

This  section  briefly  recalls  some  of  the  important  issues  associated  with  practical  implementation.  The  pres¬ 
sure  estimate  presented  in  the  previous  section  is  implemented  on  a  real  system  using  a  set  of  accelerometers 
mounted  on  the  structure  and  arrays  of  digital  Alters.  More  precisely,  each  measured  acceleration  signal  is 
passed  through  a  digital  filter  modeling  the  associated  sensor  transfer  function.  All  filter  outputs  are  then 
summed  to  provide  the  sound  pressure  estimate.  Several  arrays  of  filters  can  be  implemented  in  order  to 
provide  pressure  estimates  at  different  locations. 

As  explained  above,  each  transfer  function  represents  the  far-field  radiation  into  an  unbounded  medium 
from  .a  cylindri(^  piston  source  (or  monopole)  with  unit  acceleration  and  located  on  a  cylindrical  baffle. 
The  associated  characteristics  directly  motivate  the  use  of  Finite  Impulse  Response  (FIR)  filters  to  model 
the  sensor  transfer  function.  la  particular,  no  resonance  behavior  occurs  due  to  the  assumption  of  an 
unbounded  medium  and  notches  in  the  transfer  functions  magnitude  associated  with  zero  pressure  angles 
are  easily  modeled  by  appropriate  zeros  in  the  filter’s  impulse  response. 

Another  important  issue  is  related  to  the  time  delay  of  the  sensor  transfer  functions,  which  is  directly 
related  to  the  acoustic  path  propagation  time,  R/c.  As  the  pressure  estimate  is  only  valid  in  the  far  field, 
this  delay  can  become  significant  compared  to  the  sampling  period  of  the  digital  filter,  thus  increasing  its 
complexity.  It  can  be  shown  however  that  error  signals  based  on  far-field  pressure  at  a  given  location  can 
be  shifted  in  time  without  loss  of  performance  of  the  control  system  (the  time  shift  is  equivalent  to  moving 
the  minimization  point  along  a  constant  radiation  angle)  (15].  Removing  the  above  time  delay  yield  transfer 
functions  with  a  minimum  phase  delay  Arhich  significantly  reduces  the  number  of  FIR  filter  coefficients 
required  for  accurate  modeling. 


SYSTEM  CHARACTERISTICS  AND  EXPERIMENTAL  SETUP 

Testing  of  the  structural  acoustic  sensor  described  above  was  performed  on  a  finite  aluminum  cylinder.  This 
section  presents  the  main  characteristics  of  the  system,  the  control  and  measurement  setups  implemented  in 
the  experiments  as  well  as  the  numerical  model  of  the  structure. 

System  characteristics  Due  to  the  limited  number  of  accelerometers  available  for  implementing  Discrete 
Structmal  Acoustic  Sensing,  the  choice  of  the  cylinder’s  dimensions  md  material  was  made  such  that  the  first 
few  flexural  modes  of  the  structure  have  low  modal  order  in  both  the  axial  and  circumferential  directions. 
The  cylinder  characteristics  are  given  in  Table  1.  The  dimensions  were  measured  on  the  actual  structure 
while  the  material  properties  are  based  on  standard  values  for  aluminum.  In  order  to  allow  structural 
vibration  measurements  over  the  entire  surface  of  the  cylinder  as  well  as  acoustic  measurements  over  the 
sphere  surrounding  the  structure,  the  cylinder’s  attachment  to  its  support  stand  is  designed  to  allow  full 
rotation  along  its  main  axis.  The  cylinder  is  closed  at  both  ends  by  aluminum  end-caps  12.7  mm  in  thickness. 
Each  end-cap  is  attached  to  the  cylinder  with  a  set  of  12  small  screws  equally  spaced  along  the  circumference. 
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A  steel  rod  3.18  mm  in  diameter  is  threaded  into  each  end-cap  and  mounted  on  a  nylon  ring.  The  ring  is 
fixed  in  a  19.05  mm  aluminum  section  which  is  bolted  to  a  heavy  steel  support  stand.  To  allow  acoustic 
measurements  of  the  bafiSed  structure,  two  sections  of  “rigid”  PVC  pipe  are  installed  on  each  side  of  the 
cylinder  along  its  main  axis.  The  two  pipes  extend  in  length  up  to  the  walls  of  the  anechoic  chamber.  A 
picture  of  the  complete  rig  including  the  baffle  is  shown  in  Figure  2. 

AU  structural  vibration  inputs,  i.e.,  both  Parameter  Cylinder  Actuators 

disturbance  and  control  inputs,  are  ap-  length  (mm) - 987  Wl - 

pUed  through  single-sided  piezo-electric  ac-  outside  diameter  /  width  (mm)  254  69.9 

tuators.  No  curved  actuators  were  avaUable  thickness,  (mm)  2.36  0.1905 

for  the  experimental  testing  and  flat  actu-  Young’s  modulus,  (N/m^)  7.1  x  10^  6.1  x  10‘° 

ators  [18]  were  mounted  on  the  cylinder  by  Poisson  ratio,  0.31  0.33 

cutting  them  across  their  width  into  a  set  density,  (kg/m^)  2700  7750 

of  .light  strips  of  same  dimensions.  The  constant  (m/V)  -  171  x  lO-^* 

original  actuators  are  63.5  mm  in  length  hysteretic  damping  factor,  0.002  0 

and  38.1  mm  in  width,  which  results  in  - - - 

eight  7.9  mn  by  38.1  nm  stnps.  They  j.  Dimensions  and  material  properties  of  the  cylinder 

are  mounted  on  the  cylinder’s  outside  sur-  .  .  t  ^  ^  j. 

e  •  j  u  -j  uu  it.  •  1  -it.  t  iu  aod  piezo-electnc  actuators, 
face  side  by  side  with  their  length  along  the 

cylinder’s  axis  and  wired  in  phase.  A  gap  of  approximately  1  mm  remains  between  each  actuator  strip  to 
avoid  short  circuits  between  the  electrodes  of  two  adjacent  actuators.  The  total  surface  stf  ea  covered  by  the 
set  of  eight  actuators  is  69.9  mm  by  38.1  mm.  Table  1  presents  the  dimensions  and  material  properties  of  the 
piezo-electric  actuators.  Four  sets  of  the  actuator  arrangement  described  above  are  mounted  on  the  cylinder 
according  to  the  center  locations  given  in  Table  2.  The  disturbance  actuator  center  location  serves  as  the 
origin  of  the  drcumferential  direction,  (ft  s  0”.  Its  axial  location,  zfL  =  -0.328,  ensures  that  all  flexural 
modes  present  in  the  0-1000  Hz  bandwidth  are  excited.  The  three  other  actuator  sets  are  implemented  as 
control  inputs.  Their  location  was  determined  such  as  to  allow  various  control  configurations. 

The  discrete  structural  acoustic  sensor  implemented  on  the  cylinder  uses  12  accelerometers  (PCS  Piezo¬ 
electric  ICP  accelerometers  •  Model  352A10).  The  point  sensors  are  arranged  as  2  rings  of  6  accelerometers 
equally  spaced  according  to 


Table  1:  Dimensions  and  material  properties  of  the  cylinder 
and  piezo-electric  actuators. 


Urn  =TI 
\zn  =  - 


smA^,  m  =  0,1,.,.  -  1,  A^  =  27r/iV^ 

= -L -J- Az/2 -t- nAz,  n  =  0,1,...  -  1,  ^z  =  2LfNz 


where  =2  and  =  6  are  the  number  of  points  along  the 
axial  and  circumferential  direction,  respectively.  Note  that  the 
accelerometers  are  aligned  with  the  disturbance  actuator  such 
that  the  modes  excited  by  the  disturbance  input  have  anti¬ 
nodes  along  the  circumferential  directions  aligned  with  the 
point  sensor  locations.  As  it  will  be  discussed  later,  the  sensor 
accuracy  is  independent  of  the  point  sensor  circumferential  lo¬ 
cations  when  the  number  of  sensors  along  the  circumferential 
direction  is  greater  than  the  highest  circumferential  order  of  the  modes  present  in  the  bandwidth.  When 
this  condition  is  not  satisfied  however,  care  must  be  taken  so  that  the  point  sensors  do  not  coincide  with  the 
nodal  lines  of  a  given  mode  (mode  n  =  3  in  this  case).  F\irthermore,  placing  the  sensors  on  anti-nodal  lines 
ensures  better  signal  to  noise  ratio  thus  improving  the  accuracy  of  the  sensor  estimate. 

Control  and  measurement  setups  For  all  experimental  testing,  the  cylinder  is  excited  through  the 
disturbance  actuator  with  a  band-limited  random  noise.  The  sensor  accuracy  tests  are  performed  over 
a  200-630  Hz  bandwidth  while  the  control  tests  use  a  200-500  Hz  bandwidth.  The  reduced  bandwidth 
associated  with  the  control  tests  ensures  that  the  2  by  6  sensor  yields  relatively  accurate  estimates  over  the 
frequency  range.  A  three  channel  Filtered-X  LMS  algorithm  [19]  is  implemented  on  a  Texas  Instrument 
TMS320C30  digital  signal  processor  (DSP)  to  provide  up  to  three  control  signals.  The  results  presented  in 
this  paper  correspond  to  cases  where  only  the  first  and  second  control  actuators  were  excited  however  (see 


Actuator 

z/L 

4>  (degrees) 

disturbance  PZT 

-0.328 

0 

control  PZT  #  1 

0.370 

180 

control  PZT  #  2 

0.220 

60 

control  PZT  #  2 

-0.395 

250 

Table  2:  Actuators  center  location. 
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4).  ioe  controller’s  reference  is  taken  from  the  signal  fed  to  the  disturbance  actuator.  Most  of  the 
control  tests  include  an  artificial  delay  in  the  disturbance  path  so  as  to  improve  system  causality.  A  few 
cases  were  also  run  with  a  zero  delay  in  order  to  evaluate  the  influence  of  system  causality  on  the  control 
performance.  All  control  tests  use  the  following  settings:  the  sampling  frequency  is  set  to  F,  =  2000  Hz,  the 
FIR  compensators  have  50  coefficients,  and  the  IIR  filters  modeling  the  filtered-x  path  transfer  functions  have 
60  coefficients  in  both  numerator  and  denominator.  Ail  tests  use  three  error  signals  based  on  the  structural 
acoustic  sensor  and  far-field  error  microphones  (B&K  1/2  in  microphone,  Model  4166),  respectively.  The 
sensor’s  array  of  filters  is  implemented  on  a  second  TMS320C30  digital  DSP.  Note  that  both  controller 
and  sensing  code  could  be  implemented  on  a  single  DSP.  The  three  error  microphones  are  located  along 
=  70°,  9  =  90°,  and  9  =  110®,  in  the  ^  =  0®  plane  at  iZ  =  1.85  m  while  severd  sets  of  FIR  filters  were 
designed  to  provide  pressure  estimates  for  various  radiation  angles.  All  FIR  filters  have  22  coefficients  with 
a  sampling  frequency,  Ft  =  6000  Hz.  The  sensor  transfer  functions  are  accurately  modeled  up  to  about 
2500  Hz.  This  wide  bandwidth  relative  to  the  actual  bandwidth  of  excitation  was  found  necessary  in  order 
to  ensure  stability  for  the  control  S3rstem.  Cases  where  the  response  of  the  sensor  filters  is  not  constrained 
at  higher  frequencies  can  lead  to  unwanted  amplification  of  high  frequency  content  remaining  in  the  system 
due  to  the  finite  roU-offr  of  the  low-pass  filters. 

All  tests  were  conducted  in  a  4.2  m 
by  2.2  m  by  4.5  m  anechoic  chamber  at 
the  Vibration  and  Acoustics  Laboratories 
(VAL),  Virginia  Tech.  The  chamber  has  an 
^proximate  cut-off  frequency  of  250  Hz. 
Out-of-plane  structural  vibrations  are  mea¬ 
sured  with  a  Politec  laser  vibrometer  (Model 
OFV-2600/OFV-501).  To  allow  measure¬ 
ments  over  the  entire  radiating  surface,  the 
laser  head  is  mounted  on  a  onedimensional 
linear  traverse  driven  by  a  stepper  motor 
while  a  second  stepper  motor  mounted  on 
the  end-cap  assembly  rotates  the  cylinder 
around  its  main  axis.  The  structural  velocity 
measurements  use  a  grid  of  13  points  along 
Figure  2:  Cylinder  rig  inside  the  anechoic  chamber.  axial  direction  and  18  point  along  the 

circumferential  direction.  The  measurement 
point  locations  are  defined  by  equation  (7)  with  J\7t  =  13  and  =  18.  This  discretization  level  proved 
to  be  sufficient  to  accurately  measure  the  structural  response  over  the  frequency  bandwidth  of  excitation. 
The  sound  pressure  radiated  firom  the  cylinder  is  measur^  inside  the  anechoic  chamber  with  a  B&K  1/2  in 
microphone  (Model  4166)  mounted  on  a  circular  traverse.  The  traverse  microphone  is  located  at  a  radius  of 
1.85  m  from  the  center  of  the  cylinder.  Due  to  the  legs  of  the  support  stand,  the  traverse  can  only  move  in 
the  x-z  plane  from  9'=  10°  to  9  =  170®.  The  rotation  of  the  cylinder  also  allows  measurements  along  the 
circumferential  direction  from  =  0®  to  =  360®.  All  far-field  measurements  use  a  grid  of  Ns  =  13  points 
along  the  azimuthal  direction,  9,  and  iV^  =  18  points  along  the  circumferential  direction,  (f>. 

Numerical  simulations  In  order  to  study  various  sensor  configurations,  numerical  simulations  were  per¬ 
formed  prior  to  the  experiments  described  above.  The  cylinder  structure  is  modeled  under  steady-state 
harmonic  excitation  of  point  forces  cuid  piezo-electric  actuators  with  a  variational  approach  implementing 
the  Rayleigh-Ritz  formulation  [15].  In  this  model,  the  mechanical  displacements  and  electrical  fields  within 
the  piezo-electric  actuators  are  fully  coupled  thus  including  the  mass  and  stiffiness  loading  of  the  actuators. 
This  energy  based  formulation  also  allows  modeling  of  arbitrary  boundary  conditions  applied  along  the  edges 
of  the  cylinder.  The  reader  is  referred  to  [15]  for  a  complete  description  of  the  model.  The  optimal  control 
voltage  to  each  actuator  is  computed  using  standard  Linear  Quadratic  Optimal  Control  theory,  where  the 
cost  function  to  be  minimized  is  a  quadratic  function  of  the -control  voltage  amplitudes. 
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Table  3  presents  the  natural  frequencies  of  the  first  few  modes  of  the 
cylinder  as  obtained  from  the  numerical  model  and  experimental  modal 
analysis,  respectively.  Examination  of  the  associated  mode  shapes  re¬ 
veals  the  structure’s  attachment  creates  approximately  simply-supported 
boundary  conditions.  The  first  modal  index,  m,  is  associated  with  the 
axial  direction,  and  the  second  index,  n,  with  the  circumferential  direc¬ 
tion.  Note  that  each  mode  of  vibration  is  associated  with  two  distinct 
natural  frequencies  and  mode  shapes  rotated  along  the  cirounferential 
direction  by  ir/(2n)  relative  to  one  smother.  This  behavior  is  expected 
due  to  the  asymmetry  introduced  by  the  added  mass  and  stiffness  of  the 
piezo-electric  actuators.  Disregarding  the  mismatch  of  mode  (1, 1),  good 
agreement  between  numerical  and  experimental  natural  frequencies  can 
be  observed.  Including  the  circumferential  dependence  of  the  stiffness 
factors  used  to  model  the  boundary  conditions  would  possibly  improve 

the  match  especially  for  the  (1, 1)  “beam”  mode.  ^  . 

Table  3:  Comparison  of  the  nu¬ 
merical  and  experimental  natural 
frequencies. 

SENSOR  ACCURACY 

This  section  presents  successively  analytical  and  experimental  results  showing  the  accuracy  of  the  structural 
acoustic  sensor.  The  sensor  estimate  is  compared  to  the  actual  sound  pressure  radiated  in  the  far  field  over 
the  20Q-680  Hz  bandwidth. 


Analytical  results  Figure  3  shows  the 
magnitude  of  the  far-field  radiated  pressure 
in  direction  {9  =:  70“,^  =  240®)  (solid  line) 
along  with  the  sensor  estimate  based  on  the 
piston  approximation  and  two  different  point 
sensor  configurations.  The  dashed  line  corre¬ 
sponds  to  a  8  by  7  sensor,  i.e.,  the  acceleration 
measurement  points  are  located  according  to 
equation  (7)  with  Nt  =  S  and  =s  7,  and 
the  dotted  line  to  a  2  by  12  sensor.  Recalling 
the  natural  frequencies  given  in  Table  3,  the 
resonance  peaks  correspond,  as  frequency 
increaseSi  to  modes  (1,2),  (1,3),  (2,3),  (1,4), 

(1,1)  and  (2,4)  where  the  first  and  second 
index  refers  to  the  axial  and  circumferential 
order,  respectively.  As  seen  on  the  plot,  the 
8  by  7  sensor  yields  excellent  accuracy  at  the 
resonance  frequency  of  all  modes  included  in 
the  bandwidth  except  for  modes  (1,4)  and  Figure  3:  Actual  and  estimated  far-field  pressure  in  direc- 
(2,4)  where  large  errors  can  be  observed,  (70®,  240®). 

Considering  the  2  by  12  sensor,  excellent  .  - 

2u:curacy  is  obtained  at  the  resonance  frequency  of  ail  modes  except  for  a  small  error  near  resonance  of 
modes  (2,3)  and  (2,4).  These  results  illustrate  two  fundamental  properties  of  the  sensor  estimate  for 
cylindrical  geometries. 

Analogous  to  the  case  of  planar  radiators,  the  far-field  radiated  pressure  in  equation  (3)  can  be  expressed 
in  terms  of  the  two-dimensional  wave-number  transform  of  the  structural  out-of-plane  acceleration  [15]. 
The  wave-number  transform  along  the  circumferential  direction  maps  a  periodic  spatial  distribution  with 
period  2ir  into  two  sets  of  wave-number  components  (or  Fourier  coefficients)  defined  over  a  discrete  set  of 
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wave-niunbers,  n  =  0, 1, . . .  ,  +oo,  while  the  transform  along  the  axial  direction  maps  a  finite  length  axial 
distribution  into  a  wave-number  distribution  extending  from  — oo  to  -Hoo.  Now  considering  a  sensor  based 
on  the  monopole  approximation  and  a  set  of  equally  spaced  measurement  points,  the  resulting  estimate  can 
be  expressed  in  terms  of  the  associated  discrete  wave-number  transforms  as  [15] 

pg-jkR  .n+l 

Pd(R,9,<l>)  =  2]  rljiy  .  {t55,„(*cos5)cos(nfli)  -f-ti)5_„(A:cos0)sin(n<A)}  (8) 

lift 


where 


^  Emt=0  ,  7)  COS(nflim, ) 

^  ,  i)  Sin(n0«, ) 


N.-l 

and  t5d((^,7)  =  Az  ^ 

m3s=0 


(9) 


Note  that  the  actual  radiated  pressure  is  obtained  by  replacing  uJJ  „(7)  and  ui5^„(7)  in  equation  (8)  by  their 
continuous  equivalent 

/ *^n(7)  =  ^ fo* M<l>, cos{n<f>)e^‘  dtl>  dz 

l^n(7)  =  ^ So* wi<l>, z) sin(n^)e^* dtp  dz 

The  pressture  radiated  in  the  far  field  at  a  particular  angle  is  associated  with  a  single  axial  wave-number 
component,  A;cos(d),  within  the  supersonic  region,  [—A;,  +A;],  and  an  infinite  number  of  circumferential  wave- 
numbers,  n  =  0, 1, . . . ,  +00.  In  practice,  the  infinite  summation  can  be  truncated  based  on  the  highest  order 
of  the  circumferential  modes  included  in  the  response  and  the  range  of  the  non-dimensional  parameter,  ka, 
as  the  magnitude  of  the  Hankel  derivative  tends  towards  infinity  as  n  increases. 

FVom  equation  (9),  the  accuracy  of  the  sensor  estimate  is  dictated  by  the  levels  of  aliasing  occurring  in 
the  axial  and  circumferential  discrete  wave-number  transforms.  The  number  of  point  measurements  along 
the  axial  direction,  Nx,  should  be  such  that  the  Nyquist  axial  wave-number,  Kt/2  s  Ntv/{2L),  remains 
above  the  main  axial  wave-number  components  of  the  acceleration  distribution.  Likewise,  the  circumferential 
Nyquist  wave-number,  K,J2  =  N^I2^  should  be  greater  than  the  highest  circumferential  order  of  the  modes 
found  in  the  structural  response.  This  requirement  is  a  direct  consequence  of  the  sampling  theorem  commonly 
applied  to  the  sampling  of  time  domain  signals.  It  should  be  pointed  out  that  unlike  the  axial  wave-number 
transform  which  extends  up  to  infinity  regardless  of  the  spatial  distribution  due  to  the  finite  cylinder  length, 
the  circumferential  wavenumber  transform  only  contains  the  components  associated  with  modes  found  in 
the  distribution.  Therefore,  while  the  axial  discrete  wavenumber  transform  always  result  in  some  level  of 
aliasing,  the  discrete  drcmnferentiai  wavenumber  transform  will  yield  no  aliasing,  i.e.,  perfect  estimates, 
provided  all  components  above  the  Nyquist  'ravenumber  have  zero  amplitude.  In  addition,  all  or  part  of  the 
wavenumber  components  associated  with  circumferential  wavenumbers  above  the  Nyquist  wavenumber 
will  yield  large  errors  due  to  the  periodicity  of  the  discrete  wavenumber  transform.  Thus,  the  Nyquist 
circumferential  wavenumber  should  be  high  enough  such  that  errors  associated  with  higher  waveniuhbers 
are  canceled  by  the  large  magnitude  of  the  Hankel  derivative  term.  Finally,  it  can  be  shown  that  the 
draunferential  wavenumber  component  estimate  is  indepaident  of  the  origin  of  the  point  sensors  locations 
along  provided  the  number  of  measurement  points  satisfies  the  sampling  theorem  along  this  direction. 
Note  that  similar  trends  are  expected  for  the  piston  approximation. 

Returning  to  Figure  3,  the  axial  wave-number  trsuisform  on  resonance  features  a  main  peak  around 
7  =  m7r/(2L)  where  m  is  the  axial  modal  index.  Consequently,  the  number  of  measurement  points  along  the 
axial  direction  should  be  greater  than  the  modal  indmc  of  the  mode  dominating  the  response,  i.e.,  Nx  >  m. 
Similarly,  the  number  of  point  measurements  along  the  circumferential  direction  should  be  greater  than  twice 
the  modal  index  of  the  associated  mode,  i.e.,  >  2n.  Cases  where  at  least  one  of  the  above  conditions  is 

not  satisfied  yield  aliasing  errors  as  shown  in  Figure  3.  At  off-resonance  frequencies,  the  response  includes 
higher  order  modes  which  deteriorate  the  accuracy  of  the  estimate.  Note  that  the  discretization  level  is  the 
critical  parameter  affecting  the  sensor  estimate.  In  other  words,  good  sensor  accuracy  is  ensured  over  the 
entire  radiating  field  as  long  as  the  number  of  measurement  points  is  high  enough  relative  to  the  dominant 
modes  of  the  response.  Finally,  it  should  be  mentioned  that  the  above  results  assume  perfect  modeling  of  the 
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sensor  transfer  functions.  However,  due  to  the  relative  simple  characteristics  of  the  sensor  transfer  functions, 
excellent  modeling  accuracy  can  be  achieved  with  only  a  few  FIR  coefficients. 

Experimental  results  This  section  briefly  presents  the  accuracy  of  the  sensor  which  is  implemented 
experimentally  on  the  cylinder.  The  cylinder  is  excited  through  the  disturbance  piezo-electric  actuator  with 
a  band-limited  random  noise  over  200-630  Hz.  As  true  fax-field  conditions  do  not  exist  in  the  anechoic 
chamber  especially  at  low  frequencies  due  its  limited  size  relative  to  the  dimensions  of  the  cylinder  and 
the  acoustic  wave-length  within  the  frequency  bandwidth  of  excitation,  the  pressure  radiated  in  the  far 
field  is  ‘freconstructed”  from  the  laser  out-of-plane  velocity  measurements.  Analogous  to  the  real  time 
pressure  estimate  implemented  in  the  sensor,  the  pressure  field  is  computed  off-line  from  the  structural  laser 
measurements  and  the  associated  Green’s  function  replacing  the  continuous  integral  in  equation  (3)  by  its 
discrete  approximation  [15].  The  magnitude  of  the  reconstructed  pressure  at  angle  (76.8°,  0°)  is  compared  to 
the  associate  sensor  estimate  in  Figure  4.  Recalling  the  system’s  natural  frequencies  presented  in  Table  3,  five 
flexural  modes  have  their  natiural  frequencies  within  the  200-630  Hz  bandwidth.  With  increasing  frequency, 
the  five  main  resonance  peaks  noticed  on  the  plot  correspond  to  modes  (1,2),  (1,3),  (2,3),  (1,4),  and  (2,4), 
respectively.  Notice  that  the  response  also  exhibits  small  contribution  from  “double”  modes  (1,2)*,  (2,3)*, 
and  (2, 4)*. 

Examining  the  sensor  output  (dotted 
line),  the  pressure  estimate  shows  good 
accuracy  around  the  resonance  frequency 
of  the  (1,2)  mode.  A  small  variation  of 
about  2  dB  is  observed  at  the  resonance 
frequency  of  mode  (1,3).  The  reconstructed 
pressure  is  also  relatively  well  estimated  at 
off-resonance  frequencies  around  the  (1,2) 
mode.  The  sensor  accuracy  then  deteriorates 
as  the  frequency  increases.  A  6  dB  variation 
between  reconstructed  and  estimated  pressure 
is  noticed  at  the  resonance  frequency  of  mode 
(2,3)  while  the  estimated  pressiure  at  the 
resonance  frequencies  of  the  last  two  modes 
in  the  bandwidth  (modes  (1,4)  and  (2,4))  is 
off  by  more  than  20  dB. 

The  above  tendencies  confirm  the  analyt¬ 
ical  results  discussed  in  the  previous  section 
and  agree  well  with  the  properties  of  the  sen¬ 
sor  estimate.  As  mentioned  earlier,  Nt  =  2 
measurement  points  along  the  axial  direction 
yield  good  estimates  for  modes  of  axial  order  1  or  less.  In  the  circumferential  direction,  iV^  =  6  measure¬ 
ment  points  ensure  accurate  estimates  of  modes  up  to  n  =  2.  That  is  to  say,  spatial  distributions  that  are 
dominated  by  modes  with  axial  and  circmnferential  order  larger  than  one  and  two,  respectively,  do  not  yield 
accurate  pressure  estimates. 


Figure  4:  Reconstructed  and  estimated  far-field  pressure  in 
direction  (76.8°,  0°). 


RADIATION  CONTROL 

The  following  two  sections  discuss  the  analytical  and  experimental  control  results.  In  both  cases,  the  cylinder 
is  under  broadband  excitation  through  the  disturbance  actuator.  In  order  to  evaluate  the  performance  of  the 
structural  acoustic  sensor,  results  compare  its  control  performances  to  those  obtained  with  error  microphones 
located  in  the  far  field.  Note  that  the  following  analysis  focuses  on  the  influence  of  the  “error”  information 
on  the  control  performances.  In  particular,  the  system  is  not  optimized  in  terms  of  control  input  and/or 
error  measurement  locations  to  achieve  the  best  possible  attenuation  in  radiated  power  over  the  frequency 
bandwidth  of  excitation. 
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Analytical  results  This  section  presents  two  control  cases  based  on  the  minimization  of  the  estimated 
emd  actucii  radiated  pressure  in  directions  (70®, 0®),  (110®,  40®),  (90®,  160®),  (70®, 240®),  and  (110®,  320®). 
These  five  radiation  angles,  {0,  <t>),  were  chosen  such  as  to  obtain  good  globed  sound  attenuation,  i.e.,  none  of 
the  modes  included  in  the  frequency  bandwidth  have  radiation  nodal  lines  along  all  five  angles.  Both  cases 
use  the  same  control  input  configuration:  the  actuators  locations  are  those  given  in  Table  2  except  for  the 
circumferential  angle  of  the  third  control  actuator  which  was  set  to  <f)  =  225®.  All  three  control  actuators  are 
included  in  the  following  results.  Note  that  this  configuration  yields  an  over-determined  system  such  that 
the  optimal  control  amplitudes  are  solved  in  the  least  square  sense.  The  cost  function  thus  does  not  include 
the  control  eflEbrt  usually  required  to  condition  the  solution  of  under-determined  systems  [19]. 

Figure  5  shows  the  radiated  sound  power 
before  control  (solid  line)  and  after  control 
based  on  the  two  cost  functions.  The  dashed 
line  corresponds  to  the  minimization  of  the 
five  pressure  estimates  using  a  3  by  9  struc¬ 
tural  acoustic  sensor  [Nz  =  3,  =  9)  while 

the  dotted  line  corresponds  to  the  minimiza¬ 
tion  of  the  actual  radiated  pressure  in  the 
same  directions.  As  seen  on  the  controlled 
response,  both  sensing  approaches  yield  very 
close  control  performances.  The  radiated 
sound  power  is  attenuated  over  the  entire 
bandwidth  with  very  small  control  spillover. 
The  total  attenuation  across  the  bandwidth 
is  20.3  dB  for  the  structural  acoustic  sensor 
and  18.6  dB  for  the  error  microphones.  These 
results  are  expected  since  the  discretization 
level  of  the  sensor  ensures  reduced  aliasing 
Figure  5:  Radiated  sound  power  -  Minimization  of  pres-  errors  for  acceleration  distributions  including 
sure  estimate  in  directions  (70®,  0®),  (110®,  40®),  (90®,  160®),  modes  with  axial  and  circumferential  orders 
(70®,  240®),  and  (110®,  320®).  up  to  2  and  4,  respectively.  In  other  words, 

all  modes  included  in  the  bandwidth  yield 
accurate  pressure  estimates.  Note  that  minimizing  the  actual  radiated  pressure  yields  a  slight  decrease  in 
overall  sound  attenuation  thus  suggesting  the  small  errors  introduced  in  the  pressure  estimates  result  in  a 
slightly  more  globed  error  information.  These  results  show  that  the  structural  acoustic  sensor  implemented 
in  this  case  can  effectively  replace  the  error  .microphones.  Comparatively,  a  reduced  number  of  acceleration 
measurement  points  would  increase  aliasing  errors  in  the  sensor  estimate  and  in  turn  reduce  the  global 
sound  attenuation  levels. 

It  should  be  mentioned  that  the  above  results  are  based  on  an  optimal  control  solution  in  the  frequency 
domain  which  presents  a  number  of  limitations  when  used  to  predict  the  performance  of  a  real  time  domain 
control  system  under  broadband  frequency  disturbances.  Specifically,  the  optimal  control  transfer  functions 
are  not  constrained  to  yield  realizable  FIR  filters.  This  often  leads  to  over-estimating  the  controller  per¬ 
formance  and,  in  some  cases,  to  control  spillover  not  observed  experimentally  due  to  the  finite  number  of 
coefficients  in  the  control  compensator  among  other  factors.  Consequently,  the  analytical  results  presented 
above  do  not  accurately  model  the  performance  of  the  control  system  investigated  experimentally.  However, 
they  still  provide  insight  into  the  control  performance  of  Discrete  Structural  Acoustic  Sensing  compared  to 
other  sensing  approaches.  * 

Experimental  results  This  section  discusses  some  of  the  control  results  obtained  experimentally  on  the 
system  described  previously.  The  first  two  cases  use  the  2  by  6  structiural  acoustic  sensor  to  provide  error 
signals  associated  with  pressure  estimates  in  three  directions.  A  third  case  uses  three  error  microphones 
located  along  the  same  directions  for  comparison  purpose.  All  three  cases  use  the  first  two  control  actuators, 
leaving  the  third  actuator  unexcited.  The  radiated  sound  power  presented  below  is  estimated  from  the 
traverse  microphone  measurements  over  the  sphere  surrounding  the  cylinder. 
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The  first  control  case  corresponds  to  the  minimization  of  the  three  sensor  outputs  associated  with  pressure 
estimates  in  directions  (76.8°,  340°),  (63.5°,  0°),  and  (103.2°,  0°),  respectively.  Figure  6  shows  the  radiated 
sound  power  before  and  after  control.  The  dashed  line  corresponds  to  the  standard  configuration  where  a  20 
sample  delay  is  included  in  the  disturbance  path.  The  dptted  line  corresponds  to  an  additional  case  based 
on  the  same  control  and  error  configuration  with  no  delay  included  in  the  disturbance  path.  In  both  cases, 
the  radiated  sound  power  is  attenuated  by  20  dB  or  more  near  ail  resonance  frequencies  of  the  uncontrolled 
response.  Small  increases  in  sound  power  can  be  observed  at  off-resonance  frequencies.  Note  that  the  dotted 
line  associated  with  a  possible  acausal  system  does  not  show  significant  loss  in  performance  compared  to  the 
dashed  line.  In  other  words,  system  causality  does  not  appear  to  be  a  critical  factor  in  this  case.  Due  to 
the  small  levels  of  damping  present  in  the  system,  the  r^ponse  is  largely  dominated  by  the  five  resonance 
frequencies  of  the  modes  included  in  the  bandwidth.  It  is  therefore  highly  predictable  allowing  control 
regardless  of  the  s}rstem’s  causality.  The  total  reduction  level  in  radiated  sound  power  achieved  across  the 
frequency  bandwidth  of  excitation  is  15.4  dB  with  the  20  sample  delay  and  15.0  dB  with  no  delay.  Note 
that  the  three  directions  of  minimization  ensure  good  global  control,  i.e.,  no  spillover  is  observed  on  the 
radiated  sound  power  of  the  controlled  response.  In  other  words,  the  controller  is  forced  to  attenuate  the 
amplitude  of  cdl  modes  in  order  to  minimize  all  three  error  signals.  Modal  reduction  is  therefore  the  main 
control  mechanism  involved  in  this  case. 

The  second  control  case  based  on  the 
structural  acoustic  sensor  uses  three  pressure 
estimates  in  directions  (70°,  0°),  (90°,  0°), 
and  (110°,  0°).  These  three  directions  of 
minimization  correspond  to  the  locations  of 
the  error  microphones  implemented  in  the 
next  control  case.  Figure  7(a)  shows  the  ra¬ 
diated  sound  power  before  and  after  control. 

Excellent  attenuation  levels  'can  be  observed 
near  resonance  of  modes  (1,2),  (1,3),  (2,3) 
and  (2,4)  while  significant  control  spillover 
is  noticed  near  resonance  of  modes  (1,2)° 
and  (1,4)°.  The  total  attenuation  in  ra^at^ 
sound  power  is  5.9  dB.  In  this  case,  all 
directions  of  minimization  are  in  the  0  =:  0° 
plane  which  coincides  with  radiation  nodal 
line  of  modes  (1,2)*,  (1,4)°  and  (2,4)°.  In 
other  words  these  modes  are  not  well  observed 
by  the  three  error  signals.  This  explains  the 
increase  in  radiated  sound  power  noticed  near 
resonance  of  mode  (1,2)°  and  (1,4)°:  rather 
than  canceling  the  associated  modal  amplitudes,  the  controller  recombines  the  modal  amplitudes  of  the 
“double”  modes  and  rotates  the  acceleration  distribution  such  that  the  resulting  nodeJ  lines  are  aligned 
with  the  minimization  angles.  This  modal  restructuring  mechanism  is  illustrated  in  Figure  7(b)  where  the 
out-of-plane  velocity  distribution  measured  by  the  laser  vibrometer  is  shown  before  and  after  control  at 
541  Hz,  i.e.,  near  resonance  of  mode  (1,4).  The  ao^eration  distribution  after  control  is  clearly  rotated. 
Note  that  modal  restructuring  does  not  occur  near  resonance  of  mode  (1,3)  and  (2, 3).  The  first  two  control 
actuators  are  aligned  with  the  anti-nodal  lines  of  the  associated  “double”  modes  (1, 3)°  and  (2, 3)°  therefore 
preventing  their  excitation.  It  should  be  pointed  out  that  the- previous  case  does  not  allow  the  above  modal 
restructuring  as  the  error  signals  do  not  correspond  to  pressure  estimates  along  circumferential  angles 
multiple  of  45°,  i.e.,  one  error  signal  at  least  observes  the  “double”  modes  thereby  forcing  the  controller 
to  reduce  the  associated  vibrations.  These  results  therefore  confirm  the  relatively  good  accuracy  of  the 
structural  acoustic  sensor  implemented  on  the  cylinder.  Despite  the  small  level  of  discretization  {Nz  =  2, 

=  6)  which  only  provides  accurate  estimates  near  resonance  of  mode  (1,2),  the  sensor  still  yields 
error  information  somewhat  reiated  to  the  radiated  sound  pressure  at  higher  frequencies.  This  is  further 
illustrated  by  comparing  these  results  with  the  next  control  case  based  on  far-field  error  microphones. 


Figure  6:  Radiated  sound  power  -  Minimization  of  pres¬ 
sure  estimates  in  directions  (76.8°, 340°),  (63.5°, 0°),  and 
(103.2°,  0°). 
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(a)  Radiated  sound  power. 


(b)  Out-of-plane  velocity  distribution  at  541  Hz. 


Figure  7:  Minimization  of  pressure  estimates  in  directions  (70",  0“),  (90",  0"),  and  (110",  0"). 


The  third  control  case  replaces  the  out¬ 
puts  of  the  structural  acoustic  sensor  by 
three  error  microphones  located  in  the  far 
field.  To  facilitate  the  comparison  of  the 
two  sensing  approaches,  this  case  uses  the 
same  control  configuration  as  previously.  In 
particular,  the  three  error  microphones  are 
located  along  the  same  directions  of  pressure 
estimates  implemented  in  the  previous  case. 
The  radiated  sound  power  estimated  firom 
the  traverse  microphone  measurements  is 
presented  before  and  after  control  in  Figure  8. 
As  for  the  case  of  pressure  estimates  (see  Fig¬ 
ure  7(a)),  excellent  global  sound  attenuation 
is  achieved  near  resonance  of  modes  (1,2), 
(1,3)  and  (2,3).  Modal  reduction  occurs 
at  these  frequencies  therefore  canceling  the 
sound  pressure  radiated  over  the  entire  field. 
Figure  8:  Radiated  sotmd  power  -  Minimization  of  pressure  Similariy,  the  sound  power  near  resonance 
at  error  microphones  in  directions  (70°,  0"),  (90°,  0"),  and  of  mode  (1,2)*  increases  as  in  the  previous 
(110°,  0°).  control  case  based  on  the  structural  acoustic 

spnsor.  Again,  this  mode  has  a  radiation 
nodal  line  along  ^  =  0"  and  thus  remains  imobserved  by  any  of  the  three  error  microphones.  Note  that 
the  control  spillover  at  this  frequency  is  larger  than  in  the  previous  control  case.  As  a  result,  the  total 
sound  radiated  power  across  the  frequency  bandwidth  of  excitation  increases  by  0.7  dB.  Similar  behavior 
can  be  observed  near  resonance  of  modes  (1,4)*  and  (2,4)*.  This  case  clearly  illustrate  the  importance 
of  the  control  actuator  and  error  sensor  configurations.  In  particular,  global  sound  attenuation  for  lightly 
damped  cylindrical  radiators  can  only  be  achieved  through  modal  reduction.  As  a  final  remark,  it  should 
be  mentioned  that  the  controlled  response  based  on  pressure  estiihates  in  the  same  three  directions  and  the 
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same  two  control  actuators  exhibits  very  similar  trends  as  the  ones  obtained  with  error  microphones.  In 
particular,  the  structural  acoustic  sensor  yields  nearly  the  same  response  near  resonance  of  modes  (1,2)  and 
(1, 2)*  which  confirms  the  accuracy  of  the  pressure  estimates  at  these  frequencies. 


CONCLUSIONS 

Broadband  radiation  control  from  a  finite  cylinder  has  been  demonstrated  both  analytically  and  experimen¬ 
tally.  The  ASAC  system  implements  a  multi-channel  Filtered-x  LMS  control  algorithm.  Structural  control 
inputs  are  applied  through  piezo-electric  actuators  while  error  information  is  provided  by  a  discrete  struc¬ 
tural  acoustic  sensor.  Results  show  attenuation  in  total  radiated  sound  power  of  up  to  15  dB  is  achieved 
across  a  frequency  bandwidth  encompassing  the  first  five  fiexural  modes  of  the  cylinder. 

These  results  also  validate  the  extension  of  Discrete  Structural  Acoustic  Sensing  to  bafiled  cylindrical 
geometries.  In  this  technique,  the  sensor  constructs  real  time  estimates  of  the  pressure  radiated  in  the  fcir 
field  at  prescribed  angles  from  discrete  structural  acceleration  measurements  and  associated  signal  processing. 
Sensor  accuracy  and  comparisons  of  control  performances  based  on  Discrete  Structural  Acoustic  Sensing  and 
the  use  of  far-field  error  microphones,  respectively,  demonstrate  the  ability  of  the  structural  acoustic  sensor 
to  replace  direct  far-field  pressure  measurements.  In  particular,  the  analytical  results  showed  that  minimizing 
a  cost  frmction  based  on  sensor  estimates  yields  similar  control  performance  to  that  obtained  with  a  cost 
function  based  on  actual  far-field  pressure,  provided  accuracy  is  ensured  for  the  sensor.  The  experimental 
results  on  broadband  radiation  control  confirms  this  result.  Similar  control  performances  are  obtained  for 
both  tjrpes  of  error  information.  Examination  of  the  system’s  response  at  single  frequencies  within  the 
bandwidth  of  excitation  also  reveals  the  controller  behaves  similarly  in  each  case.  This  includes  frequencies 
where  modal  restructuring  is  the  main  control  mechanism  which  confirms  the  ability  of  the  sensor  to  provide 
accurate  radiation  information. 

The  accuracy  of  the  sensor  estimate  over  a  given  frequency  bandwidth  is  primarily  related  to  the  number 
of  structural  measurements  implemented  in  the  sensor.  In  particular,  for  equally  spaced  measurement  points, 
accuracy  of  the  sensor  estimates  is  ensured  provided  the  following  two  conditions  are  satisfied.  First,  the 
number  of  measurement  points  along  the  cylinder  main  axis  should  be  such  that  the  associated  Nyquist  wave- 
number  (half  the  spatial  sampling  frequency)  is  located  on  the  wave-number  axis  above  the  main  content 
of  the  wave-number  transform  of  the  structural  out-of-plane  motion  along  this  axis.  In  terms  of  simply- 
supported  mode  shapes,  this  first  requirement  is  satisfied  if  the  number  of  measurement  points  along  the 
main  axis  is  greater  than  the  highest  order  along  the  same  axis  of  the  modes  which  dominate  the  response. 
Second,  the  number  of  measurement  points  along  the  circumferential  direction  of  the  cylinder  should  be 
greater  than  twice  the  order  of  the  highest  circumferential  order  of  the  modes  dominating  the  response. 
These  conditions  define  the  frequency  bandwidth  of  accxtracy  for  the  structural  acoustic  sensor. 

More  generally,  the  design  and  implementation  of  the  sensor  do  not  require  precise  knowledge  of  the 
vibration  characteristics  of  the  structure.  While  some  knowledge  of  the  structural  velocity  distributions 
allows  for  predicting  the  accuracy  of  the  pressure  estimate  and  the  appropriate  discretization  level,  the  sensor 
transfer  functions  strictly  depend  on  the  geometry  of  the  structure  and  the  surrounding  fluid  properties. 
This  differs  from  a  number  of  alternative  structural  sensing  techniques  whose  design  and  implementation 
is  directly  based  on  dynamic  properties  of  the  structure,  such  as  mode  shapes.  In  comparison.  Discrete 
Structural  Acoustic  Sensing  provides  a  more  robust  error  information.  The  modeling  of  the  sensor  transfer 
functions  involves  simple  Finite  Impulse  Response  (FIR)  filters.  This  type  of  filter  is  well  suited  to  represent 
the  radiation  of  monopole  and  piston  sources  into  an  unbounded  medium.  In  particular,  the  sensor  transfer 
functions  do  not  feature  resonances,  which  would  otherwise  require  the  use  of  the  more  complex  Infinite 
Impulse  Response  (IIR)  filter  model.  Finally,  when  implemrated  in  a  far-field  radiation  control  system,  the 
time  delay  associated  with  the  acoustic  path  can  be  removed  from  the  sensor  transfer  functions  without 
affecting  the  controller  performance.  This  property  greatly  simplifies  the  sensor  digital  filters  by  reducing 
the  number  of  coefficients  required  for  accurate  modeling  of  the  sensor  transfer  functions.  The  sensor  DSP 
implementation  then  becomes  very  efficient  in  terms  of  computations,  allowing  higher  sampling  frequencies 
or  the  combination  of  the  sensor  and  controller  code  on  a  single  DSP. 
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SUMMARY 


In  this  paper,  analytical  and  experimental  results  of  an  investigation  of  active  control  of  sound 
radiated  from  cylinders  are  presented.  The  cduminum  cylinder  is  1  m  in  length,  25  cm  in 
diameter  and  2.4  mm  in  thickness  with  two  rigid  end-caps  at  both  ends.  The  excitation  is  a 
band-limited  random  noise  encompassing  the  first  five  modes  of  the  cylinder  and  the  control 
actuators  are  surface  mounted  piezoelectric  transducers.  Since  it  is  desired  to  integrate 
the  error  sensors  into  the  structure,  the  recently  developed  Discrete  Structural  Acoustic 
Sensing  (DSAS)  approach  is  extended  to  cylindrical  coordinates  and  implemented  using  12 
accelerometers  mounted  on  the  cylinder.  The  structural  acoustic  sensor  provides  time  domain 
estimates  of  far-field  radiated  sound  at  predetermined  radiation  angles.  The  controller  is  a 
3  by  3  Filtered-x  LMS  paradigm  implemented  on  a  TMS320C30  DSP.  The  results  show 
good  global  control  of  the  radiated  sound  over  the  frequency  bandwidth  of  excitation.  Most 
important,  the  proposed  discrete  structural  acoustic  sensor  yields  similar  performances  as 
error  microphones  located  in  the  far  field.  The  sensor  is  also  shown  to  improve  far-field 
attenuation  over  minimization  of  normal  acceleration  at  discrete  locations  on  the  cylinder 
structure.  [Work  supported  by  the  Office  of  Naval  Research] 
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1  INTRODUCTION 


Much  research  has  been  conducted  in  the  active  control  of  low-frequency  structure-borne 
sound.  When  compared  to  passive  methods,  active  control  presents  significant  advantages  in 
the  low-frequency  range  where  passive  control  becomes  often  impractical  due  to  prohibitive 
volume  and/or  mass  requirements.  For  the  past  decade,  Active  Structural  Acoustic  Control 
(ASAC)  has  received  much  attention  as  it  presents  a  practical  alternative  to  the  control  of 
low-frequency  structurally  radiated  noise  [1,2].  In  this  technique,  the  radiated  sound  pressure 
is  attenuated  by  applying  mechanical  inputs  directly  to  the  structure  rather  than  by  exciting 
the  surrounding  medium  with  acoustic  sources  (Active  Noise  Control).  Piezoelectric  devices 
have  been  applied  extensively  to  Active  Structural  Acoustic  Control  systems  as  structural 
actuators  [3-5]  thus  yielding  a  compact  or  “smart”  structure.  In  an  attempt  to  further  reduce 
the  size  of  the  overall  control  arrangement,  the  microphones  traditionally  located  in  the  far 
field  to  provide  radiation  error  information  are  also  being  replaced  by  structural  sensors  such 
that  all  transducers  aire  integrated  in  the  structure. 

As  most  ASAC  applications  involve  noise  control  below  the  coincidence  frequency  of 
the  radiating  structure,  appropriate  structural  sensors  for  ASAC  should  only  observe  the 
radiating  part  of  the  structural  vibrations.  This  gives  more  flexibility  to  the  controller  which 
in  some  situations  modifies  the  structural  vibrations  such  as  to  attenuate  far-field  radiation 
with  no  net  reduction  in  the  overall  vibration  levels.  Sound  attenuation  in  the  far  field  can 
then  be  achieved  with  a  reduced  control  authority  compared  to  cases  where  all  structural 
motion  is  canceled  (Active  Vibration  Control)  [6]. 

With  the  emergence  of  polyvinylidene  fluoride  (PVDF)  as  a  sensor  material,  several  struc¬ 
tural  sensors  for  ASAC  have  been  proposed  to  observe  the  radiating  part  of  the  structural 
vibrations.  Most  of  these  sensing  techniques  are  based  on  modal  sensing  [7]:  the  sensor 
effectively  observes  a  specific  set  of  modes  of  vibration  (natural  or  radiation  modes  of  the  un¬ 
controlled  response)  which  couples  well  to  far-field  radiation  [8-11].  An  accurate  knowledge 
of  the  structure’s  dynamic  properties  is  therefore  required.  Recently,  an  alternative  sensing 
technique  referred  to  as  Discrete  Structured  Acoustic  Sensing  (DSAS)  was  demonstrated  both 
analytically  [12, 13]  and  experimentally  [14, 15]  on  baffled  planar  radiators.  The  technique 
implements  an  array  of  structural  point  sensors  whose  outputs  are  passed  through  digital 
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FIR  filters  to  estimate  in  real  time  the  far-held  radiated  pressure  in  a  given  direction,  or 
equivalently,  a  given  wave-number  component,  over  a  broad  frequency  range.  It  uses  the 
relation  between  the  structural  out-of-plane  vibrations  and  the  far-held  sound  pressure  as 
dehned  by  the  Helmholtz  integral.  One  of  the  signihcant  advantages  of  this  strategy  lies  in 
its  low  modeling  requirements  compared  to  modal  sensing  approaches.  In  particular,  the 
sensor  design  does  not  require  the  knowledge  of  the  structural  mode  shapes  and  thus  remains 
largely  independent  of  the  boundary  conditions.  Consequently,  it  is  particularly  well  adapted 
for  feedforward  control  approaches  commonly  used  in  ASAC  systems  where  no  analytical 
system  modeling  is  necessary.  It  also  provides  time  domain  information  which  is  required  by 
the  Filtered-x  LMS  algorithm  commonly  used  in  feedforweird  control.  This  paper  presents 
analytical  and  experimental  results  on  the  extension  of  Discrete  Structural  Acoustic  Sensing 
to  baffled  cylindrical  radiators. 

Most  of  the  work  on  ASAC  systems  deals  with  planar  geometries  or  systems  than  can 
be  decomposed  in  a  set  of  planar  radiators  and  few  reports  of  experiments  on  cylindrical 
structures  can  be  found  iri  the  literature.  Ruckman  and  Fuller  [16]  reported  numerical  simu¬ 
lations  of  ASAC  applied  to  a  hnite  cylinder  system.  Previous  work  by  Clark  and  Fuller  [17] 
studied  experimentally  the  harmonic  control  of  sound  radiation  from  a  hnite  enclosed  cylin¬ 
der  using  PVDF  error  sensors  and  piezoelectric  actuators.  Results  showed  the  PVDF  sensor 
was  effective  in  observing  the  longitudinal  extensional  waves  of  the  cylinder  (“accordion” 
modes)  and  thus,  good  sound  attenuation  was  obtciined  for  this  type  of  excitation.  However, 
very  little  attenuation  was  achieved  for  radial  excitations  (normal  bending  modes)  due  to  the 
relatively  high  modal  density  of  the  cylinder.  The  present  study  extends  the  above  work  by 
considering  broadband  radiation  control  over  the  hrst  hve  bending  modes  of  the  structure. 
After  briehy  introducing  the  theoretical  formulation,  analyticad  and  experimental  results  are 
presented.  In  both  cases,  the  discrete  structural  acoustic  sensor  is  hrst  studied  in  terms  of  its 
accuracy  to  predict  radiated  pressure.  Broadband  radiation  control  results  are  then  discussed 
by  comparing  the  performances  of  the  sensor  to  those  of  error  microphones  located  in  the  far 
held. 
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2  THEORETICAL  BASIS 


This  section  presents  the  analytical  formulation  of  Discrete  Structural  Acoustic  Sensing.  A 
relation  between  discrete  structural  acceleration  and  far-field  pressure  estimate  is  derived  for 
the  case  of  baffled  cylindrical  geometries. 


2.1  FAR-FIELD  SOUND  PRESSURE 

For  the  general  case  of  arbitrary  geometries,  the  sound  pressure  radiated  from  a  vibrating 
structure  into  an  unbounded  medium  can  be  expressed  using  the  Kirchhoff-Helmholtz  integral 
formulation  [18].  Assuming  a  harmonic  solution  for  the  pressure,  where  u  is  the 

angular  frequency,  this  is  expressed  as 


p(r) 


■//.[ 


dG 


pG{r\ro)w{To)  +p(ro)— (r|ro) 
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In  the  above  equation,  Sq  denotes  the  radiating  surface  and  V  the  surrounding  volume.  The 
sound  pressure  p(r)  at  field  point  r  is  expressed  as  a  surface  integral  involving  the  out-of-plane 
structural  acceleration,  u)(ro),  measured  at  location  ro  on  the  radiating  surface,  the  surface 
pressure  p(ro),  the  Green’s  function,  G(r|ro),  euid  its  normal  gradient  {dG/drjo  represents  the 
component  of  the  gradient  of  G  along  the  unit  vector  77  normal  to  5o),  and  the  fluid  density, 
p.  Note  that  this  formulation  assumes  the  radiator  has  solid  boundaries  such  that  the  fluid 
velocity  on  the  boundary  is  equal  to  the  structural  out-of-plane  velocity.  The  normal  pressure 
gradient  then  becomes  equal  to  pu;(ro).  Discrete  Structural  Acoustic  Sensing  is  based  on  the 
existence  of  a  Green’s  function  satisfying  the  Neumann  boundary  condition, 
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such  that  the  radiated  pressure  field  becomes  solely  dependent  on  the  structural  acceleration 
and  geometry. 

For  baffled  cylindrical  geometries  (see  Figure  1),  a  closed-form  solution  exists  for  the 
Green’s  function  verifying  equation  (2).  The  radiated  pressure  is  then  expressed  in  the 
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cylindrical  coordinate  system  {R,  9,  (j>)  as 


n+L 

G(R,  9,  (f)\T  =  a,  (f> ,  z')w{(j}'  1  z')a  d(j>'  dz' 
■L 


(3) 


The  Green’s  function  in  equation  (3)  can  be  obtained  from  the  radiated  pressure  due  to  a  point 
acceleration  distribution  located  on  an  infinite  cylindrical  baffle.  The  resulting  expression  is 
approximated  in  the  far  field  as  [18] 


G{R,9,(i)\a,(f)o,ZQ)  =  - 


exp  [—jk{R  —  zq  cos  ^)] 
it^akR  sin  9 


+00 

E 


n=0 


cos  [n{4>  —  4>q)] 
Hn^  (A:asin0) 


(4) 


where  =  2  for  n  =  0  £Lnd  Sn  =  1  for  n  >  0  (n  integer).  The  function  {x)  denotes 
the  first  derivative  of  the  Hainkel  function  of  the  second  kind  [19].  Here  n  represents  the 
circumferenticil  modal  order.  The  acoustic  wave-number  is  denoted  as  k  =  u/c  where  c  is  the 
speed  of  sound.  The  various  coordinates  and  dimensions  involved  in  equation  (4)  are  shown 
in  Figure  1. 


2.2  SENSOR  ESTIMATE 

An  estimate  of  the  radiated  pressure  in  equation  (3)  is  now  constructed.  The  integral  over 
the  radiating  surface  So  is  approximated  using  a  Q  point  zero-order  interpolation  of  the 
acceleration  distribution  [15],  i.e.,  the  acceleration  is  assumed  constant  over  Q  small  elemental 
surfaces,  Sq,  q  =  1,2,...  ,Q,  such  that  S  =  The  resulting  pressure  estimate  takes 

the  genercil  form 

Q 

Pd{R,9,(p,t)  =  '^w{(l)q,Zq,t)Hq{R,9,<p)  (5) 

q=l 

where  {(f>q,Zq)  represents  the  coordinates  of  the  node,  and  Hq[R,9,(j)),  the  associated 
sensor  transfer  function.  Defining  Sq  =  aAzqAcf^q  as  the  q^^  elemental  surface  aligned  with 
the  axial  and  circumferential  directions  such  that  its  center  coincides  with  {(f)q,Zq),  the  sensor 
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transfer  functions  can  be  expressed  as 

Hq{R,6,(p)=p  /  G[R,Q,(j)\a,(t>q,Zq)ad(l)  dz  (6) 

The  transfer  function  Hq{R,9,(f>)  can  be  interpreted  physically  as  the  sound  pressure  ra¬ 
diated  at  {R,9,<p)  from  the  elemental  surface  vibrating  along  the  normal  to  its  center 
i<f>q,Zq)  with  a  unit  acceleration.  In  other  words,  the  pressure  estimate  is  constructed  by 
summing  the  radiation  contribution  of  Q  cylindrical  pistons  weighted  by  the  measured  accel¬ 
eration  amplitudes.  It  is  thus  referred  to  as  the  piston  approximation.  Assuming  the  Green’s 
function  remains  almost  constant  over  each  surface  Sq,  the  transfer  function  in  equation  (6) 
can  be  replaced  by  paAzqA<l)qG(R,9,(l>\a,(^q,Zq).  In  this  case,  the  far-field  pressure  is  esti¬ 
mated  from  the  contribution  of  Q  monopole  sources  (monopole  approximation).  As  expected, 
both  approximations  become  equivalent  as  kmax{Azq,A<pq)  1. 

It  should  be  stressed  that  the  sensor  transfer  functions  solely  depend  on  the  geometry  of 
the  problem  and  the  properties  of  the  fluid  medium.  No  accurate  knowledge  of  the  structure’s 
dynamics  (e.g.,  natural  mode  shapes)  is  thus  required  for  their  design.  Note  however  that 
some  information  is  still  needed  in  order  to  determine  an  appropriate  discretization  level  for 
accurate  estimates.  Furthermore,  the  sensing  approach  can  be  extended  to  geometries  for 
which  no  Green’s  function  is  available  analytically.  The  far-field  pressure  radiated  from  each 
elemental  surface  vibrating  independently  on  the  structure’s  boundary  must  then  be  solved 
numerically  using  a  technique  such  as  the  Boundary  Element  Method  [20]. 


3  PRACTICAL  IMPLEMENTATION 

This  section  briefly  recalls  some  of  the  important  issues  associated  with  the  practical  imple¬ 
mentation  of  Discrete  Structural  Acoustic  Sensing.  The  pressure  estimate  presented  in  the 
previous  section  is  implemented  on  a  real  system  using  a  set  of  accelerometers  mounted  on 
the  structure  and  arrays  of  digital  filters.  More  precisely,  each  measured  acceleration  signal 
is  passed  through  a  digital  filter  modeling  the  associated  sensor  transfer  function.  All  filter 
outputs  are  then  summed  to  provide  the  sound  pressure  estimate.  Several  arrays  of  filters 
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can  be  implemented  in  order  to  provide  pressure  estimates  at  different  locations.  This  ar¬ 
rangement  is  shown  in  Figure  2  along  with  a  schematic  of  the  controller  based  on  the  three 
channel  Filtered-x  LMS  algorithm. 

As  explained  above,  each  transfer  function  represents  the  far-held  radiation  into  an  un¬ 
bounded  medium  from  a  cylindrical  piston  source  (or  monopole)  with  unit  acceleration  and 
located  on  a  cylindrical  baffle.  The  associated  characteristics  directly  motivate  the  use  of 
Finite  Impulse  Response  (FIR)  filters  to  model  the  sensor  transfer  functions.  In  particular, 
no  resonance  behavior  occurs  due  to  the  assumption  of  an  unbounded  medium  at  infinity  and 
notches  in  the  transfer  functions  magnitude  associated  with  zero  pressure  angles  are  easily 
modeled  by  appropriate  zeros  in  the  filter’s  impulse  response. 

Another  important  issue  is  related  to  the  time  delay  of  the  sensor  transfer  functions,  which 
is  directly  related  to  the  acoustic  path  propagation  time,  R/c.  As  the  pressure  estimate  is 
only  valid  in  the  far  field,  this  delay  can  become  significajit  compared  to  the  sampling  period 
of  the  digital  filter,  thus  increasing  its  complexity.  The  authors  have  shown  in  previous  work 
however  that  error  signals  based  on  far-field  pressure  at  a  given  location  can  be  shifted  in  time 
without  loss  of  performance  of  the  control  system  (the  time  shift  is  equivalent  to  moving  the 
minimization  point  along  a  constant  radiation  angle)  [15].  Removing  the  above  time  delay 
yields  transfer  functions  with  a  minimum  phase  delay  which  significeintly  reduces  the  number 
of  FIR  filter  coefficients  required  for  accurate  modeling. 


4  SYSTEM  CHARACTERISTICS  AND  EXPERIMENTAL  SETUP 

Testing  of  the  structural  acoustic  sensor  described  above  was  performed  on  a  finite  alu¬ 
minum  cylinder.  This  section  presents  the  main  characteristics  of  the  system,  the  control 
and  measurement  setups  implemented  in  the  experiments  as  well  as  the  numerical  model  of 
the  structure. 


9 


4.1  SYSTEM  CHARACTERISTICS 

Due  to  a  limited  number  of  accelerometers  available  for  implementing  Discrete  Structural 
Acoustic  Sensing,  the  choice  of  the  cylinder’s  dimensions  and  material  was  made  such  that 
the  first  few  flexural  modes  of  the  structure  have  low  modail  order  in  both  the  axial  and 
circumferential  directions.  The  cylinder  characteristics  are  given  in  Table  1.  The  dimensions 
were  measured  on  the  actual  structure  while  the  material  properties  are  based  on  standard 
values  for  aluminum.  In  order  to  allow  structural  vibration  measurements  over  the  entire 
surface  of  the  cylinder  as  well  as  acoustic  measurements  over  the  sphere  surrounding  the 
structure,  the  cylinder’s  attachment  to  its  support  stand  is  designed  to  allow  full  rotation 
along  its  main  axis.  The  cylinder  is  closed  at  both  ends  by  aluminum  end-caps  12.7  mm  in 
thickness.  Each  end-cap  is  attached  to  the  cylinder  with  a  set  of  12  small  screws  equally 
spaced  along  the  circumference.  A  steel  rod  3.18  mm  in  diameter  is  threaded  into  each  end- 
cap  and  mounted  on  a  nylon  ring.  The  ring  is  fixed  in  a  19.1  mm  aluminum  section  which 
is  bolted  to  a  heavy  steel  support  stand.  To  allow  acoustic  measurements  of  the  baffled 
structure,  two  sections  of  “rigid”  PVC  pipe  are  installed  on  each  side  of  the  cylinder  along 
its  main  axis.  The  two  pipes  extend  in  length  up  to  the  walls  of  the  ainechoic  chamber.  A 
picture  of  the  complete  rig  including  the  baffle  is  shown  in  Figure  3. 

All  structural  vibration  inputs,  i.e.,  both  disturbance  and  control  inputs,  are  applied 
through  single-sided  piezoelectric  cictuators.  No  curved  actuators  were  available  for  the  ex¬ 
perimental  testing  and  flat  actuators,  [21j  were  mounted  on  the  cylinder  by  cutting  them 
across  their  width  into  a  set  of  eight  strips  of  same  dimensions.  The  original  actuators  Eire 
63.5  mm  in  length  and  38.1  ram  in  width,  which  results  in  eight  7.9  mm  by  38.1  mm  strips. 
They  are  mounted  on  the  cylinder’s  outside  surface  side  by  side  with  their  length  along  the 
cylinder’s  axis  and  wired  in  phase.  A  gap  of  approximately  1  mm  remains  between  each 
actuator  strip  to  avoid  short  circuits  between  the  electrodes  of  two  adjacent  actuators.  The 
total  surface  area  covered  by  the  set  of  eight  actuators  is  69.9  ram  by  38.1  mm.  Table  1 
presents  the  dimensions  and  material  properties  of  the  piezoelectric  actuators.  Four  sets 
of  the  actuator  arrangement  described  above  are  mounted  on  the  cylinder  according  to  the 
center  locations  given  in  Table  2.  The  disturbance  actuator  center  location  serves  as  the 
origin  of  the  circumferential  direction,  0  =  0°.  Its  axial  location,  z/L  =  :-0.328,  ensures 
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that  all  flexural  modes  present  in  the  0-1000  Hz  bandwidth  are  excited.  The  three  other 
actuator  sets  are  implemented  as  control  inputs.  Their  location  was  determined  in  order  to 
allow  various  control  test  configurations  of  interest. 

The  discrete  structural  acoustic  sensor  implemented  on  the  cylinder  uses  12  accelerometers 
(PCB  Piezo-electric  ICP  accelerometers  -  Model  352A10).  The  point  sensors  are  arranged  as 
2  rings  of  6  accelerometers  equally  spaced  according  to 

{0<7i=9iA0,  =0,1,...  -  1,  A<^  =  27r/Q0 

(7) 

= -L -t- A2/2  +  ?2  =0,1,...  ,(5z  -  1,  A2r  =  2L/Qj 

where  Qz  =  2  and  =  6  are  the  number  of  points  along  the  axial  and  circumferential  di¬ 
rection,  respectively.  Note  that  the  accelerometers  are  aligned  with  the  disturbance  actuator 
such  that  the  modes  excited  by  the  disturbance  input  have  anti-nodes  along  the  circumfer¬ 
ential  directions  aligned  with  the  point  sensor  locations.  As  it  will  be  discussed  later,  the 
sensor  accuracy  is  independent  of  the  point  sensor  circumferential  locations  when  the  number 
of  sensors  along  the  circumferential  direction  is  greater  than  the  highest  circumferential  order 
of  the  modes  present  in  the  bandwidth.  When  this  condition  is  not  satisfied  however,  care 
must  be  taiken  so  that  the  point  sensors  do  not  coincide  with  the  nodal  lines  of  a  given  mode 
(mode  n  =  3  in  this  case).  Furthermore,  placing  the  sensors  on  anti-nodal  lines  ensures  better 
signal  to  noise  ratio  thus  improving  the  accuracy  of  the  sensor  estimate. 

4.2  CONTROL  AND  MEASUREMENT  SETUPS 

For  all  experimental  testing,  the  cylinder  is  excited  through  the  disturbance  actuator  with 
a  band-limited  random  noise.  The  sensor  accuracy  tests  are  performed  over  a  200-630  Hz 
bandwidth  while  the  control  tests  use  a  200-500  Hz  bandwidth.  The  reduced  bandwidth 
associated  with  the  control  tests  ensures  that  the  2  by  6  sensor  (i.e.,  12  accelerometers  total) 
yields  relatively  accurate  estimates  over  the  frequency  range.  A  three  channel  Filtered-x  LMS 
algorithm  [22]  is  implemented  on  a  Texas  Instrument  TMS320C30  digital  signal  processor 
(DSP)  to  provide  up  to  three  control  signals  (see  Figure  2).  The  results  presented  in  this 
paper  are  limited  to  cases  where  only  the  first  and  second  control  actuators  were  excited  (see 
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Table  2).  The  controller's  reference  signal  is  taken  from  the  signal  fed  to  the  disturbance 
actuator.  Most  of  the  control  tests  include  an  artificial  delay  of  20  samples  in  the  disturbance 
path  so  as  to  improve  system  causality.  A  few  cases  were  also  run  with  a  zero  delay  in  order 
to  evaluate  the  influence  of  system  causality  on  the  control  performance.  All  control  tests  use 
the  following  settings:  the  sampling  frequency  is  set  to  Fg  =  2000  Hz,  the  FIR  compensators 
have  50  coefficients,  and  the  IIR  filters  modeling  the  filtered-x  path  transfer  functions  have  60 
coefficients  in  both  numerator  and  denominator.  All  tests  use  three  error  signals  based  on  the 
structural  acoustic  sensor  and  far-field  error  microphones  (B&K  1/2  in  microphone,  Model 
4166),  respectively.  The  sensor's  array  of  filters  is  implemented  on  a  second  TMS320C30 
digital  DSP.  Note  that  both  controller  and  sensing  code  could  be  implemented  on  a  single  DSP 
if  desired.  Three  error  microphones  are  also  located  along  9  =  70°,  9  =  90°,  and  9  =  110°, 
in  the  0  =  0°  plane  at  R  =  1.85  m  while  several  sets  of  FIR  filters  were  designed  to  provide 
pressure  estimates  for  various  radiation  angles.  All  sensor  FIR  filters  have  22  coefficients  with 
a  sampling  frequency,  Fg  =  6000  Hz.  The  sensor  transfer  functions  are  accurately  modeled 
up  to  about  2500  Hz.  This  wide  bandwidth  relative  to  the  actual  bandwidth  of  excitation 
was  found  necessary  in  order  to  ensure  stability  for  the  control  system.  Cases  where  the 
response  of  the  sensor  filters  is  not  constrcdned  at  higher  frequencies  can  lead  to  unwanted 
amplification  of  high  frequency  content  remaining  in  the  system  due  to  the  finite  roll-offs  of 
the  low-pass  filters. 

All  tests  were  conducted  in  a  4.2  m  by  2.2  m  by  4.5  m  anechoic  chamber  at  the  Vibration 
and  Acoustics  Laboratories  (VAL),  Virginia  Tech.  The  chamber  has  an  approximate  cut-off 
frequency  of  250  Hz.  Out-of-plane  structural  vibrations  are  measured  with  a  Politec  laser 
vibrometer  (Model  OFV-2600/OFV-501).  To  allow  measurements  over  the  entire  radiating 
surface,  the  laser  head  is  mounted  on  a  one-dimensional  linear  traverse  driven  by  a  stepper 
motor  while  a  second  stepper  motor  mounted  on  the  end-cap  assembly  rotates  the  cylinder 
around  its  main  axis.  The  structural  velocity  measurements  use  a  grid  of  13  points  along 
the  axial  direction  and  18  point  cilong  the  circumferential  direction.  The  measurement  point 
locations  are  defined  by  equation  (7)  with  -  13  and  =  18.  This  discretization  level 
proved  to  be  sufficient  to  accurately  measure  the  structural  response  over  the  frequency 
bandwidth  of  excitation.  The  sound  pressure  radiated  from  the  cylinder  is  measured  inside 
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the  anechoic  chamber  with  a  BkK  1/2  in  microphone  (Model  4166)  mounted  on  a  circular 
traverse.  The  traverse  microphone  is  located  at  a  radius  of  1.85  m  from  the  center  of  the 
cylinder.  Due  to  the  legs  of  the  support  stand,  the  traverse  can  only  move  in  the  x-z  plane 
from  9  =  10°  to  ^  =  170°.  The  rotation  of  the  cylinder  also  allows  measurements  along  the 
circumferential  direction  from  ^  =  0°  to  0  =  360°.  All  far-held  measurements  use  a  grid  of 
Nq  =  13  points  along  the  azimuthal  direction,  9,  and  =  18  points  along  the  circumferential 
direction, 

4.3  NUMERICAL  SIMULATIONS 

In  order  to  study  various  sensor  configurations,  numerical  simulations  were  performed  prior 
to  the  experiments  described  above.  The  cylinder  structure  is  modeled  under  steady-state 
harmonic  excitation  of  point  forces  and  piezoelectric  actuators  with  a  variational  approach 
implementing  the  Rayleigh-Ritz  formulation  [15].  In  this  model,  the  mechanical  displace¬ 
ments  and  electrical  fields  within  the  piezoelectric  actuators  are  fully  coupled  thus  including 
the  mass  and  stiffness  loading  of  the  actuators.  This  energy  based  formulation  also  allows 
modeling  of  arbitrary  boundary  conditions  applied  along  the  edges  of  the  cylinder.  To  this 
purpose,  the  model  includes  translational  and  rotational  springs  along  the  axial,  circumferen¬ 
tial,  and  radial  directions.  The  stiffness  factor  of  each  spring  can  then  be  adjusted  to  model 
cirbitrary  conditions.  The  reader  is  referred  to  [15]  for  a  complete  description  of  the  model. 
The  optimeil  control  voltage  to  each  attuator  is  computed  using  standard  Linear  Quadratic 
Optimal  Control  theory  [2],  where  the  cost  function  to  be  minimized  is  a  quadratic  function 
of  the  control  voltage  amplitudes. 

Table  3  presents  the  natural  frequencies  of  the  first  few  modes  of  the  cylinder  as  obtained 
from  the  numerical  model  and  experimental  modal  analysis  of  the  test  structure,  respectively. 
Examination  of  the  associated  mode  shapes  reveals  the  structure’s  attachment  creates  approx¬ 
imately  simply-supported  boundary  conditions  where  the  first  modail  index,  m,  is  associated 
with  the  axial  direction,  and  the  second  index,  n,  with  the  circumferential  direction.  Note 
that  each  mode  of  vibration  is  associated  with  two  distinct  natural  frequencies  and  mode 
shapes  (i.e.,  cos(n0)  and  sin(n0)  angular  variation)  rotated  along  the  circumferential  direc¬ 
tion  by  7r/(2n)  relative  to  one  another.  This  behavior  is  expected  due  to  the  asymmetry 
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introduced  by  the  added  mass  and  stiffness  of  the  piezoelectric  actuators.  Disregarding  the 
mismatch  of  mode  (1,1),  good  agreement  between  numerical  and  experimental  natural  fre¬ 
quencies  can  be  observed.  Including  the  circumferential  dependence  of  the  stiffness  factors 
used  to  model  the  boundary  conditions  would  possibly  improve  the  match  especially  for  the 
(1,1)  “beam”  mode. 


5  SENSOR  ACCURACY 

This  section  successively  presents  analytical  and  experimental  results  showing  the  accuracy  of 
the  structural  acoustic  sensor.  The  sensor  estimate  is  compared  to  the  actual  sound  pressure 
radiated  in  the  far  field  over  the  200-680  Hz  bandwidth. 

5.1  ANALYTICAL  RESULTS 

Figure  4  shows  the  magnitude  of  the  far- field  radiated  pressure  in  direction  {9,  <p)  =  (70°,  240°) 
(solid  line)  along  with  the  sensor  estimate  based  on  the  piston  approximation  and  two  different 
point  sensor  configurations.  Both  results  were  calculated  using  the  analytical  model  of  the 
cylinder  and  its  associated  radiation  field  which  are  described  in  detail  in  Reference  [15].  The 
“actual”  pressure  corresponds  to  the  full  analytical  prediction  while  the  sensor  estimate  is 
the  far-field  pressure  estimated  using  the  analytical  model  in  conjunction  with  the  structural 
acoustic  sensor  theory  of  Section  2.2  .  The  dashed  line  corresponds  to  a  8  by  7  sensor,  i.e., 
the  acceleration  measurement  points  are  located  according  to  equation  (7)  with  Qg  =  8  and 
=  7,  and  the  dotted  line  to  a  2  by  12  sensor.  Recalling  the  natural  frequencies  given  in 
Table  3,  the  resonance  peaks  correspond,  as  frequency  increases,  to  modes  (1, 2),  (1, 3),  (2, 3), 
(1,4),  (1, 1)  and  (2,4)  where  the  first  and  second  index  refers  to  the  axial  and  circumferential 
order,  respectively.  Note  the  unusual  characteristics  of  cylinders  for  which  the  fundamental 
mode  (1, 1)  is  not  associated  with  the  lowest  resonance  frequency  [18].  As  seen  on  the  plot,  the 
8  by  7  sensor  yields  excellent  accuracy  at  the  resonance  frequency  of  all  modes  included  in  the 
bandwidth  except  for  modes  (1, 4)  and  (2, 4)  where  large  errors  can  be  observed.  Considering 
the  2  by  12  sensor,  excellent  accuracy  is  obtained  at  the  resonance  frequency  of  all  modes 
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except  for  a  small  error  near  resonance  of  modes  (2, 3)  and  (2, 4).  These  results  illustrate  two 
fundamental  properties  of  the  sensor  estimate  for  cylindrical  geometries  as  outlined  below. 

Analogous  to  the  case  of  planar  radiators,  the  far- field  radiated  pressure  in  equation  (3) 
can  be  expressed  in  terms  of  the  two-dimensional  wave-number  transform  of  the  structural 
out-of-plane  acceleration  [15].  The  wave-number  transform  along  the  circumferential  direc¬ 
tion  maps  a  periodic  spatial  distribution  with  period  2ir  into  two  sets  of  wave-number  compo¬ 
nents  (or  Fourier  coefficients)  defined  over  a  discrete  set  of  wave-numbers,  n  =  0, 1, . . .  ,  -l-oo, 
while  the  transform  along  the  axial  direction  maps  a  finite  length  axial  distribution  into  a 
wave-number  distribution  extending  from  — oo  to  -foo.  Now  considering  a  sensor  based  on 
the  monopole  approximation  and  a  set  of  equally  spaced  measurement  points,  the  resulting 
estimate  can  be  expressed  in  terms  of  the  associated  discrete  wave-number  transforms  as  [15] 


pg~jkR  +25  «n+l 

Pd{R,9,<p)  =  ■  ■■  cos(n(?i)-f  ti5,„(A:cos0)sin(n(^)} 

^  n=Q  Rn  {ka.  Sin  a) 

(8) 


where 


I  *5,n(7)  =  ^  ,  7)  cos(n0,j 

[^d,n(7)  =  ^  , 7) sin(n(^,i) 


Qz-i 

and  Wd{(i>,'y)  =  Az  ^ 
52=0 


(9) 


Note  that  the  actual  radiated  pressure  is  obtained  by  replacing  and  in  equa¬ 

tion  (8)  by  their  continuous  equivalent 


I  *n(7)  =  ^  Jo''  w)(0,  z)  cos(n0)e^*  d(f>  dz 

[Kil)  =  ^  ft  sm{n(f))e^^  d(f>  dz 

The  pressure  radiated  in  the  fax  field  at  a  particular  angle  is  associated  with  a  single  axial 
wave-number  component,  kcos{9),  within  the  supersonic  region,  [— fc, -t-fc],  and  an  infinite 
number  of  circumferential  wave-numbers,  n  =  0, 1, . . .  ,  -Hoo.  In  practice,  the  infinite  summa¬ 
tion  can  be  truncated  based  on  the  highest  order  of  the  circumferential  modes  included  in 
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the  response  and  the  range  of  the  non-dimensional  parameter,  ka,  as  the  magnitude  of  the 
Hankel  derivative  tends  towards  infinity  as  n  increases. 

Prom  equation  (9),  the  accuracy  of  the  sensor  estimate  is  dictated  by  the  levels  of  aliasing 
occurring  in  the  axial  and  circumferential  discrete  wave-number  transforms.  The  number  of 
point  measurements  along  the  axial  direction,  Qzi  should  be  such  that  the  Nyquist  axial  wave- 
number,  Ks/2  —  QzT^H^L),  remains  above  the  main  axial  wave-number  components  of  the 
acceleration  distribution.  Likewise,  the  circumferential  Nyquist  wave-number,  Ks/2  =  Q^j2, 
should  be  greater  than  the  highest  circumferential  order  of  the  modes  found  in  the  struc¬ 
tural  response.  This  requirement  is  a  direct  consequence  of  the  sampling  theorem  commonly 
applied  to  the  sampling  of  time  domain  signals.  It  should  be  pointed  out  that  unlike  the 
axial  wave-number  transform  which  extends  up  to  infinity  regardless  of  the  spatial  distri¬ 
bution  due  to  the  finite  cylinder  length,  the  circumferential  wave-number  transform  only 
contains  the  components  associated  with  modes  found  in  the  distribution.  Therefore,  while 
the  axial  discrete  wave-number  transform  always  result  in  some  level  of  aliasing,  the  discrete 
circumferential  wave-number  transform  will  yield  no  aliasing,  i.e.,  perfect  estimates,  pro¬ 
vided  all  components  above  the  Nyquist  wave-number  have  zero  amplitude.  In  addition,  all 
or  part  of  the  wave-number  components  associated  with  circumferential  wave-numbers  above 
the  Nyquist  wave-number  will  3deld  large  errors  due  to  the  periodicity  of  the  discrete  wave- 
number  transform.  Thus,  the  Nyquist  circumferential  wave-number  should  be  high  enough 
such  that  errors  associated  with  higher  wave-numbers  are  canceled  by  the  large  magnitude  of 
the  Hankel  derivative  term.  Finally,  it  can  be  shown  that  the  circumferential  wave-number 
component  estimate  is  independent  of  the  origin  of  the  point  sensors  locations  along  0  pro¬ 
vided  the  number  of  measurement  points  satisfies  the  sampling  theorem  along  this  direction. 
Note  that  similar  trends  are  expected  for  the  piston  approximation. 

Returning  to  Figure  4,  the  axial  wave-number  transform  on  resonance  features  a  main 
peak  around  7  =  rmr/{2L)  where  m  is  the  axial  modal  index.  Consequently,  the  number  of 
measurement  points  along  the  axial  direction  should  be  greater  than  the  modal  index  of  the 
mode  dominating  the  response,  i.e.,  Qz  >  m.  Similarly,  the  number  of  point  measurements 
along  the  circumferential  direction  should  be  greater  than  twice  the  modal  index  of  the  asso¬ 
ciated  mode,  i.e.,  >  2n.  Cases  where  at  least  one  of  the  above  conditions  is  not  satisfied 
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yield  aliasing  errors  as  shown  in  Figure  4.  At  off-resonance  frequencies,  the  response  includes 
higher  order  modes  which  reduce  the  accuracy  of  the  estimate.  Note  that  the  discretization 
level  is  the  critical  parameter  affecting  the  sensor  estimate.  In  other  words,  good  sensor 
accuracy  is  ensured  over  the  entire  radiating  field  as  long  as  the  number  of  measurement 
points  is  high  enough  relative  to  the  dominant  modes  of  the  response.  Finally,  it  should  be 
mentioned  that  the  above  results  assume  perfect  modeling  of  the  sensor  transfer  functions. 
However,  due  to  the  relative  simple  chaxacteristics  of  the  sensor  transfer  functions,  excellent 
modeling  accuracy  can  be  achieved  with  only  a  few  FIR  coefficients  [15].  Other  analytical 
results,  not  presented  here  for  brevity,  also  confirm  that  Discrete  Structural  Acoustic  Sensing 
will  provide  good  estimates  of  radiated  pressure  as  long  as  no  significant  aliasing  occurs. 

5.2  EXPERIMENTAL  RESULTS 

This  section  briefly  presents  the  accuracy  of  the  2  by  6  sensor  which  is  implemented  ex¬ 
perimentally  on  the  cylinder.  The  cylinder  is  excited  through  the  disturbance  piezoelectric 
actuator  with  a  band-limited  random  noise  over  200-630  Hz.  As  true  far-field  conditions  do 
not  exist  in  the  anechoic  chamber  especially  at  low  frequencies  due  its  limited  size  relative 
to  the  dimensions  of  the  cylinder  and  the  acoustic  wave-length  within  the  frequency  band¬ 
width  of  excitation,  the  pressure  radiated  in  the  far  field  is  “reconstructed”  from  the  laser 
measurements  of  the  cylinder  out-of-plane  velocity.  Analogous  to  the  real  time  pressure  es¬ 
timate  implemented  in  the  sensor,  the  pressure  field  is  computed  off-line  from  the  structural 
laser  measurements  and  the  associated  Green’s  function  replacing  the  continuous  integral  in 
equation  (3)  by  its  discrete  approximation  [15].  However  in  this  case,  the  discretization  level 
is  much  higher  with  a  grid  of  13  by  18  measurement  points  (see  Section  4.2  )  thus  ensuring 
a  high  fidelity  in  the  predicted  far-field  sound  pressure.  The  magnitude  of  the  reconstructed 
pressure  at  an  angle  (0,0)  =  (76.8°, 0°)  is  compared  to  the  associate  sensor  estimate  in  Fig¬ 
ure  5.  Recalling  the  system’s  natural  frequencies  presented  in  Table  3,  five  flexural  modes 
have  their  natural  frequencies  within  the  200-630  Hz  bandwidth.  With  increasing  frequency, 
the  five  main  resonance  peaks  noticed  on  the  plot  correspond  to  modes  (1,2),  (1,3),  (2,3), 
(1,4),  and  (2,4),  respectively.  Notice  that  the  response  also  exhibits  small  contribution  from 
“double”  modes  (1,2)*,  (2,3)*,  and  (2,4)*. 
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Examining  the  sensor  output  (dotted  line),  the  pressure  estimate  shows  good  accuracy 
around  the  resonance  frequency  of  the  (1, 2)  mode.  A  small  variation  of  about  2  dB  is  observed 
at  the  resonance  frequency  of  mode  (1,3).  The  reconstructed  pressure  is  also  relatively 
well  estimated  at  off-resonance  frequencies  around  the  (1,2)  mode.  The  sensor  accuracy 
then  deteriorates  as  the  frequency  increases.  A  6  dB  variation  between  reconstructed  and 
estimated  pressure  is  noticed  at  the  resonance  frequency  of  mode  (2, 3)  while  the  estimated 
pressure  at  the  resonance  frequencies  of  the  last  two  modes  in  the  bandwidth  (modes  (1,4) 
and  (2, 4))  is  off  by  more  than  20  dB, 

The  above  tendencies  confirm  the  analytical  results  discussed  in  the  previous  section 
and  agree  well  with  the  properties  of  the  sensor  estimate.  As  mentioned  earlier,  Qz  =  2 
measurement  points  along  the  axial  direction  jdeld  good  estimates  for  modes  of  axial  order 
1  or  less.  In  the  circumferential  direction,  =  6  measurement  points  ensure  accurate 
estimates  of  modes  up  to  n  =  2,  That  is  to  say,  spatial  distributions  that  are  dominated 
by  modes  with  ^ial  and  circumferential  order  larger  than  one  and  two,  respectively,  do  not 
yield  accurate  pressure  estimates.  Increasing  the  number  of  point  structural  sensors  would 
in  turn  increase  the  accuracy  of  the  sensor  prediction  for  these  higher  order  modes. 


6  RADIATION  CONTROL 

The  following  two  sections  discuss  the  analytical  and  experimental  control  results.  In  both 
cases,  the  cylinder  is  under  broadband  excitation  through  the  disturbance  actuator.  In  order 
to  evaluate  the  performance  of  the  structural  acoustic  sensor,  results  are  presented  which 
compare  its  control  performances  to  those  obtained  with  error  microphones  located  in  the 
far  field.  Note  that  the  following  analysis  focuses  on  the  influence  of  the  “error”  information 
on  the  control  performances.  In  particular,  the  system  is  not  optimized  in  terms  of  control 
input  and/ or  error  measurement  locations  to  achieve  the  best  possible  attenuation  in  radiated 
power  over  the  frequency  bandwidth  of  excitation. 
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6.1  ANALYTICAL  RESULTS 

This  section  presents  three  control  cases  calculated  using  the  analytical  model.  The  first 
two  cases  are  based  on  the  minimization  of  the  estimated  and  actual  radiated  pressure  in 
directions  (0,0)  =  (70°, 0°),  (110°, 40°),  (90°,  160°),  (70°, 240°),  and  (110°, 320°).  These  five 
radiation  angles  were  chosen  such  as  to  obtain  good  global  sound  attenuation,  i.e.,  none  of  the 
modes  included  in  the  frequency  bandwidth  have  radiation  nodal  lines  along  all  five  angles.  A 
third  control  case  involves  the  direct  minimization  of  the  out-of-plane  acceleration  measured 
at  the  point  structural  sensor  locations  corresponding  to  the  Active  Vibration  Control  case 
for  this  system.  Note  that  for  the  AVC  case,  the  number  of  error  signals  then  equals  the 
number  of  accelerometers  implemented  in  the  sensor,  i.e.,  12,  while  the  ASAC  cases  use  five 
error  signals  corresponding  to  the  directions  of  pressure  estimates.  All  three  cases  use  the 
same  control  input  configuration:  the  actuators  locations  are  those  given  in  Table  2  except 
for  the  circumferential  angle  of  the  third  control  actuator  which  was  set  to  0  =  225°.  All 
three  control  actuators  are  implemented  as  control  inputs  in  the  following  results.  Note  that 
this  configuration  yields  an  over-determined  system  such  that  the  optimal  control  amplitudes 
are  solved  in  the  least  square  sense.  The  cost  function  thus  does  not  include  the  control  effort 
usually  required  to  condition  the  solution  of  under-determined  systems  [22]. 

Figure  6  shows  the  calculated  radiated  sound  power  before  control  (solid  line)  and  after 
control  based  on  the  three  cost  functions.  The  dashed  line  corresponds  to  the  minimization 
of  the  five  pressure  estimates  using  a. -3  by  9  structural  acoustic  sensor  {Qz  =  3,  =  9), 

the  dotted  line  corresponds  to  the  minimization  of  the  actual  radiated  pressure  in  the  same 
directions,  and  the  dashed-dotted  line  corresponds  to  the  minimization  of  the  out-of-plane 
acceleration  at  the  point  sensor  locations  (see  equation  (7)). 

As  seen  on  the  controlled  response,  the  first  two  sensing  approaches  (dashed  and  dotted 
lines)  yield  very  close  control  performances.  The  radiated  sound  power  is  attenuated  over 
the  entire  bandwidth  with  very  small  control  spillover.  The  total  attenuation  across  the 
bandwidth  is  20.2  dB  for  the  structural  acoustic  sensor  and  19.4  dB  for  the  error  microphones. 
These  results  axe  expected  since  the  discretization  level  of  the  sensor  ensures  reduced  aliasing 
errors  for  acceleration  distributions  including  modes  with  axial  and  circumferential  orders 
up  to  2  and  4,  respectively.  In  other  words,  aill  modes  included  in  the  bandwidth  yield 
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accurate  pressure  estimates.  Note  that  minimizing  the  actual  radiated  pressure  yields  a 
slight  decrease  in  overall  sound  attenuation  thus  suggesting  the  small  errors  introduced  in 
the  pressure  estimates  result  in  a  slightly  more  global  error  information.  These  results  show 
that  the  structural  acoustic  sensor  implemented  in  this  case  can  effectively  replace  the  error 
microphones.  Comparatively,  a  reduced  number  of  acceleration  measurement  points  would 
increase  aliasing  errors  in  the  sensor  estimate  and  in  turn  reduce  the  global  sound  attenuation 
levels. 

The  third  cost  function  associated  with  the  minimization  of  the  discrete  acceleration  over 
27  points  (dashed-dotted  line)  does  not  perform  as  well  as  the  two  previous  cost  functions 
based  on  radiation  information.  While  similar  levels  of  attenuation  are  achieved  at  on- 
respnance  frequencies  (except  near  resonance  of  the  (1, 1)  mode),  the  control  performance 
significantly  deteriorates  at  off-resonance  frequencies.  This  behavior  suggests  that  some  level 
of  modal  restructuring  occurs  off-resonance  when  minimizing  radiation  information.  In  this 
case,  the  controller  achieves  attenuation  in  the  far  field  by  combining  several  structural  modes 
that  are  present  in  the  uncontrolled  response.  The  overall  vibration  levels  do  not  necessarily 
decrease  in  this  case.  At  on-resonance  frequencies,  a  single  mode  dominates  the  structural 
response  and  radiation  control  is  then  achieved  through  modal  reduction.  To  further  illustrate 
these  results,  the  overall  attenuation  levels  of  mean-squaire  velocity  and  sound  radiated  power 
are  presented  in  Table  4  for  the  three  cost  functions.  Again,  the  first  two  cost  functions 
based  on  radiation  information  perform  almost  identically.  The  third  cost  function  based  on 
structural  information  increases  the  overall  attenuation  level  in  mean-square  velocity  by  more 
than  10  dB.  However,  the  attenuation  in  sound  radiated  power  decreases  by  about  8  dB. 
In  other  words,  minimizing  the  structurzil  vibrations  yields,  in  this  case,  decreased  control 
performances  in  terms  of  radiated  sound  attenuation  when  compared  to  the  use  of  structural 
acoustic  sensing  or  error  microphones. 

It  should  be  mentioned  that  the  above  results  are  based  on  an  optimal  control  solution 
in  the  frequency  domain  which  presents  a  number  of  limitations  when  used  to  predict  the 
performance  of  a  real  time  domeiin  control  system  under  broadband  frequency  disturbances. 
Specifically,  the  optimal  control  transfer  functions  are  not  constrained  to  yield  realizable  FIR 
filters.  This  often  leads  to  over-estimating  the  controller  performance  and,  in  some  cases, 
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to  control  spillover  not  observed  experimentally  due  to  the  finite  number  of  coefficients  in 
the  control  compensator  among  other  factors.  Consequently,  the  analytical  results  presented 
above  do  not  accurately  model  the  performance  of  the  control  system  investigated  experimen¬ 
tally.  However,  they  still  provide  insight  into  the  control  performance  of  Discrete  Structural 
Acoustic  Sensing  compared  to  other  sensing  approaches  and  also  indicate  the  maximum 
achievable  performance. 

6.2  EXPERIMENTAL  RESULTS 

This  section  discusses  some  of  the  control  results  obtained  experimentally  on  the  system 
described  previously.  The  first  two  cases  use  the  2  by  6  structural  acoustic  sensor  to  provide 
error  signals  associated  with  pressure  estimates  in  three  directions.  A  third  case  uses  three 
error  microphones  located  along  the  same  directions  for  comparison  purpose.  All  three  cases 
use  the  first  two  control  actuators,  leaving  the  third  actuator  unexcited.  The  radiated  sound 
power  presented  below  is  estimated  from  the  multiple  traverse  microphone  measurements 
over  the  sphere  surrounding  the  cylinder. 

The  first  control  case  corresponds  to  the  minimization  of  the  three  sensor  outputs  associ¬ 
ated  with  pressure  estimates  in  directions  (0,0)  =  (76.8°, 340°),  (63.5°, 0°),  and  (103.2°, 0°), 
respectively.  Figure  7  shows  the  radiated  sound  power  before  and  after  control.  The  dashed 
line  corresponds  to  the  standard  configuration  where  a  20  sample  delay  is  included  in  the  dis¬ 
turbance  path.  The  dotted  line  corresponds  to  an  additional  case  based  on  the  same  control 
and  error  configuration  with  no  delay  included  in  the  disturbance  path.  In  both  cases,  the 
radiated  sound  power  is  attenuated  by  20  dB  or  more  near  all  resonance  frequencies  of  the 
uncontrolled  response.  Small  increases  in  sound  power  can  be  observed  at  off-resonance  fre¬ 
quencies  for  both  cases.  Note  that  the  dotted  line  associated  with  a  possible  acausal  system 
does  not  show  significant  loss  in  performance  compared  to  the  dashed  line.  In  other  words, 
system  causality  does  not  appear  to  be  &  critical  factor  in  this  case.  Due  to  the  small  levels 
of  damping  present  in  the  system,  the  response  is  largely  dominated  by  the  five  resonance 
frequencies  of  the  modes  included  in  the  bandwidth.  It  is  therefore  highly  predictable  allow¬ 
ing  control  regardless  of  the  system’s  causality.  The  total  reduction  level  in  radiated  sound 
power  achieved  across  the  frequency  bandwidth  of  excitation  is  15.4  dB  with  the  20  sample 
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delay  and  15.0  dB  with  no  delay.  Note  that  the  three  directions  of  minimization  ensure  good 
global  control,  i.e.,  no  spillover  is  observed  on  the  radiated  sound  power  of  the  controlled 
response.  In  other  words,  the  controller  is  forced  to  attenuate  the  amplitude  of  all  modes 
in  order  to  minimize  all  three  error  signals.  Modal  reduction  is  therefore  the  main  control 
mechanism  involved  in  this  case. 

The  second  control  case  based  on  the  structural  acoustic  sensor  uses  three  pressure  esti¬ 
mates  in  directions  (70°,  0®),  (90°,  0°),  and  (110°,  0°).  These  three  directions  of  minimization 
correspond  to  the  locations  of  the  error  microphones  implemented  in  the  next  control  case. 
Figure  8  shows  the  radiated  sound  power  before  and  after  control.  Excellent  attenuation 
levels  can  be  observed  near  resonance  of  modes  (1,2),  (1,3),  (2,3)  and  (2,4)  while  significant 
control  spillover  is  noticed  near  resonance  of  modes  (1,2)*  and  (1,4)*.  The  total  attenuation 
in  radiated  sound  power  is  5.9  dB.  In  this  case,  all  directions  of  minimization  Eire  in  the 
0  =  0°  plane  which  coincides  with  radiation  nodal  line  of  modes  (1,2)*,  (1,4)*  and  (2,4)*.  In 
other  words  these  modes  are  not  well  observed  by  the  three  error  signals.  This  explains  the 
increase  in  radiated  sound  power  noticed  near  resonance  of  mode  (1,2)*  and  (1,4)*;  rather 
than  canceling  the  associated  modal  amplitudes,  the  controller  recombines  the  modal  ampli¬ 
tudes  of  the  “double”  modes  and  rotates  the  acceleration  distribution  such  that  the  resulting 
nodal  lines  are  aligned  with  the  minimization  angles.  This  modal  restructuring  mechanism 
is  illustrated  in  Figure  9  where  the  out-of-plane  velocity  distribution  measured  by  the  laser 
vibrometer  is  shown  before  and  after  control  at  541  Hz,  i.e.,  near  resonance  of  mode  (1,4). 
The  acceleration  distribution  after  control  is  clearly  rotated.  Note  that  modal  restructuring 
does  not  occur  near  resonance  of  mode  (1,3)  and  (2,3).  The  first  two  control  actuators 
are  aligned  with  the  anti-nodal  lines  of  the  associated  “double”  modes  (1,3)*  and  (2,3)* 
therefore  preventing  their  excitation.  It  should  be  pointed  out  that  the  previous  case  does 
not  allow  the  above  modal  restructuring  as  the  error  signals  do  not  correspond  to  pressure 
estimates  along  circumferential  angles  multiple  of  45°,  i.e.,  one  error  signal  at  least  observes 
the  “double”  modes  thereby  forcing  the  controller  to  reduce  the  associated  vibrations.  These 
results  therefore  confirm  the  relatively  good  accuracy  of  the  structural  acoustic  sensor  im¬ 
plemented  on  the  cylinder.  Despite  the  small  level  of  discretization  {Qz  =  2,  =  6)  which 

only  provides  accurate  estimates  near  resonance  of  mode  (1,2),  the  sensor  still  yields  error 
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information  somewhat  related  to  the  radiated  sound  pressure  at  higher  frequencies.  This  is 
further  illustrated  by  comparing  these  results  with  the  next  control  case  based  on  far-field 
error  microphones. 

The  third  control  case  replaces  the  outputs  of  the  structural  acoustic  sensor  by  three 
error  microphones  located  in  the  far  field.  To  facilitate  the  comparison  of  the  two  sensing  ap¬ 
proaches,  this  case  uses  the  same  control  configuration  as  previously.  In  particular,  the  three 
error  microphones  are  located  along  the  same  directions  of  pressure  estimates  implemented 
in  the  previous  case.  The  radiated  sound  power  estimated  from  the  traverse  microphone 
measurements  is  presented  before  and  after  control  in  Figure  10.  As  for  the  case  of  pressure 
estimates  using  Discrete  Structural  Acoustic  Sensing  (see  Figure  8),  excellent  globail  sound 
attenuation  is  achieved  near  resonance  of  modes  (1,2),  (1,3)  and  (2,3).  Modal  reduction 
occurs  at  these  frequencies  therefore  canceling  the  sound  pressure  radiated  over  the  entire 
field.  Similarly,  the  sound  power  near  resonaince  of  mode  (1,2)*  increases  as  in  the  previous 
control  case  based  on  the  structural  acoustic  sensor.  Again,  this  mode  has  a  radiation  nodal 
line  along  <p  =  0°  and  thus  remains  unobserved  by  aay  of  the  three  error  microphones.  Note 
that  the  control  spillover  at  this  frequency  is  larger  than  in  the  previous  control  case.  As  a 
result,  the  total  sound  radiated  power  across  the  frequency  bandwidth  of  excitation  increases 
by  0.7  dB.  Similar  behavior  can  be  observed  near  resonance  of  modes  (1, 4)*  and  (2, 4)*.  This 
case  clearly  illustrate  the  importance  of  the  control  actuator  and  error  sensor  configurations. 
In  particular,  global  sound  attenuation  for  lightly  damped  cylindrical  radiators  can  only  be 
achieved  through  modal  reduction.  As  a  final  remark,  it  should  be  mentioned  that  the  con¬ 
trolled  response  based  on  pressure  estimates  in  the  same  three  directions  and  the  same  two 
control  actuators  exhibits  very  similar  trends  as  the  ones  obtained  with  error  microphones. 
In  particular,  the  structural  acoustic  sensor  yields  nearly  the  same  response  near  resonance 
of  modes  (1,2)  and  (1,2)*  which  confirms  the  accuracy  of  the  pressure  estimates  at  these 
frequencies. 
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7  CONCLUSIONS 


Broadband  radiation  control  from  a  finite  cylinder  has  been  demonstrated  both  analytically 
and  experimentally.  The  ASAC  system  implements  a  multi-channel  Filtered-a:  LMS  control 
dgorithm.  Structural  control  inputs  are  applied  through  piezoelectric  actuators  while  error 
information  is  provided  by  a  discrete  structural  acoustic  sensor.  Results  show  attenuation 
in  total  radiated  sound  power  of  up  to  15  dB  is  achieved  across  a  frequency  bandwidth 
encompassing  the  first  five  flexural  modes  of  the  cylinder. 

These  results  also  validate  the  extension  of  Discrete  Structural  Acoustic  Sensing  to  baf¬ 
fled  cylindrical  geometries.  In  this  technique,  the  sensor  constructs  real  time  estimates  of 
the  pressure  radiated  in  the  far  field  at  prescribed  angles  from  discrete  structural  acceler¬ 
ation  measurements  and  associated  signal  processing.  Sensor  accuracy  and  comparisons  of 
control  performances  based  on  Discrete  Structural  Acoustic  Sensing  and  the  use  of  far-field 
error  microphones,  respectively,  demonstrate  the  ability  of  the  structural  acoustic  sensor  to 
replace  direct  far-field  pressure  measurements.  In  particular,  the  analytical  results  show  that 
minimizing  a  cost  function  based  on  sensor  estimates  yields  similar  control  performance  to 
that  obtained  with  a  cost  function  based  on  actual  far-field  pressure,  provided  accuracy  is 
ensured  for  the  sensor.  The  experimental  results  on  broadband  radiation  control  confirm  this 
result.  Similar  control  performances  Eire  obtained  for  both  types  of  error  information.  Ex¬ 
amination  of  the  system’s  response  at  single  frequencies  within  the  bandwidth  of  excitation 
cJso  reveals  the  controller  behaves  similarly  in  each  case.  This  includes  frequencies  where 
modal  restructuring  is  the  main  control  mechanism  which  confirms  the  ability  of  the  sensor 
to  provide  accurate  radiation  information. 

The  accuracy  of  the  sensor  estimate  over  a  given  frequency  bandwidth  is  primarily  related 
to  the  number  of  structural  measurements  implemented  in  the  sensor.  In  particular,  for 
equally  spaced  measurement  points,  accuracy  of  the  sensor  estimates  is  ensured  provided 
the  following  two  conditions  are  satisfied.  First,  the  number  of  measurement  points  along 
the  cylinder  main  axis  should  be  such  that  the  associated  Nyquist  wave-number  (half  the 
spatial  sampling  frequency)  is  located  on  the  wave-number  axis  above  the  main  content 
of  the  wave-number  transform  of  the  structural  out-of-plane  motion  along  this  axis.  In 
terms  of  simply-supported  mode  shapes,  this  first  requirement  is  satisfied  if  the  number  of 
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measurement  points  aJong  the  main  axis  is  greater  them  the  highest  order  along  the  same 
axis  of  the  modes  which  dominate  the  response.  Second,  the  number  of  measurement  points 
along  the  circumferential  direction  of  the  cylinder  should  be  greater  than  twice  the  order  of 
the  highest  circumferential  order  of  the  modes  dominating  the  response.  These  conditions 
define  the  frequency  bandwidth  of  accuracy  for  the  structural  acoustic  sensor. 

More  generally,  the  design  and  implementation  of  the  sensor  do  not  require  precise  knowl¬ 
edge  of  the  vibration  characteristics  of  the  structure.  While  some  knowledge  of  the  structural 
velocity  distributions  allows  for  predicting  the  accuracy  of  the  pressure  estimate  and  pre¬ 
determining  the  appropriate  discretization  level,  the  sensor  transfer  functions  strictly  depend 
on  the  geometry  of  the  structure  and  the  surrounding  fluid  properties.  This  differs  from  a 
number  of  alternative  structural  sensing  techniques  whose  design  and  implementation  are 
directly  based  on  dynamic  properties  of  the  structure,  such  as  mode  shapes.  In  comparison, 
Discrete  Structural  Acoustic  Sensing  provides  a  more  robust  error  information.  The  modeling 
of  the  sensor  transfer  functions  involves  simple  Finite  Impulse  Response  (FIR)  filters.  This 
type  of  filter  is  well  suited  to  represent  the  radiation  of  monopole  and  piston  sources  into  an 
unbounded  medium.  In  particular,  the  sensor  transfer  functions  do  not  feature  resonances, 
which  would  otherwise  require  the  use  of  the  more  complex  Infinite  Impulse  Response  (IIR) 
filter  model.  Finally,  when  implemented  in  a  far-field  radiation  control  system,  the  time  delay 
associated  with  the  acoustic  path  can  be  removed  from  the  sensor  transfer  functions  without 
affecting  the  controller  performance.  This  property  greatly  simplifies  the  sensor  digital  filters 
by  reducing  the  number  of  coefficients  required  for  accurate  modeling  of  the  sensor  transfer 
functions.  The  sensor  DSP  implementation  then  becomes  very  efficient  in  terms  of  compu¬ 
tations,  allowing  higher  sampling  frequencies  or  the  combination  of  the  sensor  and  controller 
code  on  a  single  DSP. 
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Figure  1:  Baffled  cylindrical  geometries. 


Figure  3:  Cylinder  rig  inside  the  anechoic  chamber. 
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Magnitude  (dB,  re  2  x  lO"®  Pa) 


Magnitude  (dB,  re  2  x  IQ-s  pa) 


Figure  5:  Reconstructed  and  estimated  fair-field  pressure  in  direction  (^,0)  =  (76.8°,  0°). 
- ,  reconstructed  pressure; . ,  sensor  output. 
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Figure  6:  Calculated  radiated  sound  power  -  Minimization  of  pressure  estimate  in  directions 
{e,cp)  =  (70°, 0°),  (110°, 40°),  (90°,  160°),  (70°,240°),  and  (110°, 320°).  - ,  before  con¬ 
trol;  - ,  after  control,  3  by  9;  . ,  ad'ter  control,  microphones;  —  •  — ,  after  control, 

acceleration. 
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Figure  7:  Measured  radiated  sound  power  -  Minimization  of  pressure  estimates  in  directions 

{9,4))  =  (76.8°,  340°),  (63.5°, 0°),  and  (103.2°, 0°).  - ,  before  control; - ,  after  control 

(20  sample  delay); . ,  after  control  (no  delay). 
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Sound  Power  Level  (dB,  re  10-^2v\/a^^g) 


Figure  8:  Measured  radiated  sound  power:  Minimization  of  pressure  estimates  in  directions 
(0,  0)  =  (70  ,0  ),  (90°,  0°),  and  (110°, 0°). - ,  before  control; . ,  after  control. 


38 


Before  control 


After  control 


Normalized  axial  location  (z/L)  Normalized  axial  location  (z/L) 


2  4  6  0  1  2 

Magnitude  (m/s)  xIO"^  Magnitude  (m/s)  xIO”'’ 


Figure  9:  Measured  out-of-plane  velocity  distribution  at  541  Hz:  Minimization  of  pressure 
estimates  in  directions  (^,  </>)  =  (70°, 0°),  (90°, 0°),  and  (110°,  0°). 
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Sound  Power  Level  (dB,  re  10"’2\/\/atts) 


Frequency  (Hz) 


Figure  10:  Measured  radiated  sound  power  -  Minimization  of  pressure  at  error  microphones 

in  directions  {9,(p)  =  (70°,  0°),  (90°, 0°),  and  (110°,  0°).  - ,  before  control; . ,  after 

control. 
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Parameter 

Cylinder 

Actuators 

length  (mm) 

987 

38.1 

outside  diameter  /  width  (mm) 

254 

69.9 

thickness,  (mm) 

2.36 

0.1905 

Young’s  modulus,  (N/m') 

7.1  X  10^ 

6.1  X  10^° 

Poisson  ratio, 

0.31 

0.33 

mass  density,  (kg/m^) 

2700 

7750 

du  constant  (m/V) 

- 

171  X  10"^2 

hysteretic  damping  factor. 

0.002 

0 

Table  1;  Dimensions  and  material  properties  of  the  cylinder  and  piezoelectric  actuators. 


Actuator 

z/L 

(f)  (degrees) 

disturbance  PZT 

-0.328 

■OH 

control  PZT  #  1 

control  PZT  #  2 

60 

control  PZT  #  2 

-0.395 

250 

Table  2;  Actuators  center  location. 
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mode 

(m,n) 

1  modeled 
(Hz) 

measured 

(Hz) 

(1.2) 

240.8 

241.2 

(1.2)* 

241.0 

244.2 

(1.3) 

304.9 

302.9 

(1.3)* 

305.5 

303.1 

(2,3) 

498.8 

497.0 

(2,3)* 

499.2 

500.3 

(1,4) 

547.6 

540.6 

(1.4)* 

547.8 

541.1 

(1,1) 

565.3 

708.0 

(1.1)* 

565.5 

- 

(2,4) 

609.1 

601.7 

(2,4)* 

609.2 

604.6 

Table  3;  Comparison  of  the  numerical  and  experimental  natural  frequencies. 
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Control  case 

Attenuation  (dB) 

Mean-square  velocity 

Sound  radiated  power 

3  by  9  structural  acoustic  sensor 

8.1 

20.2 

error  microphones 

8.3 

19.4 

3  by  9  accelerometer  array 

20.7 

12.4 

Table  4;  Calculated  total  attenuation  levels  over  the  frequency  bandwidth  of  excitation. 
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INTRODUCTION 

Recently,  much  research  has  been  conducted  in  the  area  of  active  control  of  sound  radiated  from  a 
vibrating  structure.  The  minimization  of  the  radiated  sound  can  be  accomplished  using  different 
approaches.  Active  Structural  Acoustic  Control  (ASAC)  changes  the  radiation  characteristics  of 
the  vibrating  structure  by  applying  forces  or  moments  directly  to  the  structure.  In  contrast.  Active 
Noise  Control  (ANC)  involves  additional  noise  sources  usually  by  means  of  loudspeakers  to 
superimpose  a  secondary  sound  field  which  attenuates  the  primary  noise.  The  effectiveness  of 
ASAC  techniques  has  successfully  been  reported  by  Fuller  using  point  actuators  [1].  More 
recently.  Smith  [2]  has  demonstrated  the  potential  attenuation  of  broadband  sound  radiation  from 
a  simply  supported  plate  by  means  of  piezoelectric  actuators  directly  mounted  on  the  vibrating 
structure.  ASAC  effectively  reduces  the  control  effort  needed  to  minimize  the  sound  radiation  by 
forcing  the  structure  to  vibrate  in  non-volumetric  modes  which  are  inefficient  radiators  [3]. 
Structural  time  domain  wavenumber  sensing  has  successfully  been  demonstrated  by  Maillard  and 
Fuller  [4,  5].  They  have  developed  a  technique  to  estimate  the  sound  radiated  in  the  farfield  using 
time  domain  structural  wavenumber  sensors  based  on  out-of-plane  acceleration  signals  measured 
directly  on  the  structure.  This  eliminates  the  need  of  microphones  in  the  farfield  to  obtain  error 
signals  needed  to  optimize  the  impulse  response  of  a  feedforward  adaptive  controller. 

The  implementation  of  an  Active  Noise  Control  System  for  controlling  the  sound  radiation 
from  a  vibrating  structure  requires  the  selection  of  suitable  reference  signals.  Causality  and 
coherence  considerations  have  to  be  taken  into  account  with  respect  to  the  reference  signal 
filtered  through  a  representation  of  the  control  and  error  path.  This  filtering  is  inevitable  to 
feedforward  control  implementations  based  on  adaptive  filtering.  Sensing  of  the  reference  signals 
from  the  vibrating  structure  is  inevitable  for  real  applications  since  in  most  cases  the  original 
disturbance  signal  is  either  unknown  or  cannot  be  measured  directly.  This  will  effectively  result 
in  a  structural  filtering  of  the  unknown  noise  source  and  limit  the  bandwidth  of  the  measured 
reference  signals.  Most  feedforward  control  algorithms  used  for  adapting  the  coefficients  of  an 
FIR  filter  rely  on  certain  assumptions  concerning  the  statistical  properties  of  the  provided 
reference  signals.  However,  these  do  not  hold  for  real  applications  and  results  in  non-optimal 
convergence  properties  of  the  implemented  adaptation  algorithm. 
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The  deficiencies  of  stochastic  gradient  type  algorithms  for  non-white  input  data  have  been 
overcome  by  exact  recursive  least  squares  type  algorithms  which  converge  independently  of  the 
statistical  properties  of  the  input  or  reference  signal.  In  active  noise  control  applications  the 
secondary  path  transfer  functions  have  to  be  taken  into  account  within  the  update  loop  of  the 
adaptive  filter.  The  commonly  used  Filtered-X  approach  applies  only  to  algorithms  which 
convergence  in  a  stochastic  sense.  This  paper  describes  the  modifications  needed  to  make  exact 
recursive  least  squares  algorithms  feasible  for  active  noise  control  applications.  Experiments  for 
controlling  the  sound  radiated  from  a  vibrating  plate  have  been  carried  out  using  a  stabilized 
version  of  the  Fast  A-priori  Error  Sequential  Technique  (SFAEST)  algorithm.  This  paper 
discusses  design  issues  for  development  and  implementation  of  an  ■active  noise  control  system 
based  on  fast  feedforward  control  algorithms.  It  presents  a  method  which  effectively  reduces  the 
limitations  imposed  by  bandlimited  reference  signals  exhibiting  a  large  eigenvalue  spread  of  the 
associated  covariance  matrix.  This  paper  will  demonstrate  the  superior  control  authority  of  fast 
transversal  filter  algorithms  in  the  context  of  an  overall  ASAC  design  approach.  Experiments  for 
control  of  sound  radiation  from  a  vibrating  plate  are  carried  out  and  results  demonstrate  the 
effectiveness  of  the  proposed  design  method. 

FAST  RECURSIVE  ESTIMATION 

During  the  past  decade  fast  adaptive  algorithms  have  been  developed  and  further  refined  in  order 
to  reduce  their  computational  complexity  and  insure  their  stability  under  noisy  or  time-varying 
constraints.  But  only  recently  these  algorithms  have  been  applied  to  noise  control  problems. 
Alexander  [6],  Bronzel  [7]  and  Carayannis  [8]  provide  an  overview  of  fast  recursive  estimation 
techniques.  Recursive  identification  is  based  on  optimizing  a  set  of  model  parameters  given  the 
sampled  signals  rather  than  relying  on  assumptions  concerning  the  statistical  properties  of  the 
signals  involved.  The  Recursive  Least  Squares  (RLS)  algorithm  implements  a  sequential  iterative 
procedure  for  inverting  the  sampled  autocorrelation  matrix  based  on  the  Sherman-Morrison 
Lemma  [9]  resulting  in  a  computational  complexity  of  O(N^)  operations.  Fast  algorithms  have 
been  developed  which  further  utilize  the  shift-invariance  properties  of  the  autocorrelation  matrix. 
They  usually  circumvent  the  direct  inversion  of  the  covariance  matrix  by  means  of  feedforward 
and  feedbackward  transversal  filters  to,  calculate  the  Kalman  gain  for  updating  the  unknown 
parameters  of  the  adaptive  filter.  These  fast  variants  of  RLS  algorithms  have  a  computational 
complexity  down  to  0(7N)  for  the  Fast  A-posteriori  Error  Sequential  Technique  (FAEST) 
algorithm  [10],  Hence  these  algorithms  are  becoming  feasible  for  real-time  applications.  In  our 
ASAC  application  we  have  implemented  a  numerically  stabilized  version  (SFAEST)  of  this 
algorithm  which  has  been  developed  by  Moustakides  [11].  The  iterative  adaptation  loop  of  the 
SF^AEST  algorithm  is  summarized  in  the  Appendix. 

In  order  to  apply  adaptive  filters  in  feedforward  control  applications,  it  is  necessary  to 
estimate  the  contribution  of  the  filter  output  to  the  error  signal.  A  common  approach  is  to  obtain  a 
representation  S  of  the  control  and  error  path  and  change  the  order  of  filter  operations.  This 
results  in  the  standard  Filtered-X  algorithm,  depicted  schematically  in  Figure  1.  Changing  the 
order  of  filter  operations  is  possible  only  for  Linear  Time-Invariant  (LTI)  systems.  Adaptive 
filters  are  time-varying  by  definition  and  the  corresponding  filter  operators  do  generally  not 
commute.  However,  the  errors  resulting  from  a  change  of  the  filter  operations  are  small  in  the 
limit  of  slow  adaptation.  This  assumption  is  valid  for  stochastic  gradient  algorithms  such  as  the 
LMS  algorithm  which  is  commonly  used  in  feedforward  adaptive  control  applications. 
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Figure  1 :  Filtered-X  configuration  for  adaptive  feedforward  controllers  based 
on  stochastic  gradient  adaptation  schemes. 


The  failure  of  the  Filtered-X  algorithm,  when  applied  to  fast  recursive  estimation  schemes  has 
been  reported  by  Bronzel  [7],  who  successfully  introduced  the  Extended-Filtered-X  algorithm 
which  enables  the  implementation  of  fast  recursive  identification  techniques  for  feedforward 
control  applications.  The  basic  scheme  of  this  approach  is  shown  in  more  details  in  Figure  2.  The 
Extended-Filtered-X  algorithm  calculates  an  adjustment  Ae[k]  which  compensates  the  error 
introduced  by  exchanging  the  non-commuting  filter  operators  in  the  standard  Filtered-X 
algorithm.  The  output  y[k]  of  the  adaptive  filter  A  is  filtered  through  a  representation  S  of  the 
control  and  error  path,  yielding  an  estimate  c^[k]  of  the  contribution  from  the  control  signal  to  the 
error  signal  e[k].  Exchanging  the  order  of  the  corresponding  filters  yields  another  estimate  Cp[k]. 
The  necessary  adjustment  to  the  sampled  error  signal  e[k]  is  given  by  the  difference  of  these 
estimates: 


Ae[fc]  =  X  -  0  -  X  ~  • 

I  j 

Schirmacher  [12]  has  reported  the  active  control  of  airborne  sound  using  the  SFAEST 
algorithm  with  a  slightly  modified  form  of  the  Extended-Filtered-X  configuration  which  has  been 
developed  by  Bjamason  [13],  who  applied  his  Modified-Filtered-X  scheme  to  the  LMS 
algorithm.  Although  the  Extended-Filtered-X  technique  could  be  applied  to  stochastic  gradient 
algorithms  it  will  generally  yield  no  performance  improvements  and  is  furthermore  not  essential 


to  ensure  stability. 


Figure  2;  Extended-Filtered-X  configuration  for  adaptive  feedforward 
controllers  based  on  fast  recursive  estimation  techniques. 


EXPERIMENTAL  SET-UP 
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The  experiments  were  performed  on  a  simply  supported  plate  made  of  plain  carbon  steel  with 
dimensions  380  x  298  x  1.93  mm.  Figure  3  shows  a  schematic  display  of  the  experimental 
arrangement.  The  simply  supported  boundary  conditions  were  provided  by  thin  flexible  metal 
shims  connecting  the  edges  of  the  steel  plate  with  a  heavy  support  stand.  The  lower  order 
resonance  frequencies  of  this  plate  are  presented  Table  1. 


y  Figure  3:  Experimental  setup  of  simply  supported  plate  with 

disturbance  shaker,  PZT  control  actuator  and  an  array  of  9 
accelerometers  for  estimating  the  wavenumber  components 
radiating  in  the  farfield. 

Nine  accelerometers  were  mounted  on  the  plate  as  depicted  in  Figure  3  to  measure  the 
structural  vibration.  The  acceleration  signals  were  sampled  at  1  kHz  and  passed  through  a  digital 
filter  network  to  provide  time  domain  estimates  of  3  wave-number  components.  One  of  these  is 
used  as  an  error  signal  for  the  adaptive  feedforward  controller.  The  calculations  are  carried  out  in 
real-time  on  a  TMS320C30  DSP  board.  A  more  detailed  description  of  the  wave-number  sensor 
is  given  by  Maillard  and  Fuller  [5]. 


Table  1 :  Plate  modal  resonant  frequencies. 


Mode  (m,n) 

(1,1) 

(2,1) 

(1,2) 

(2,2) 

(3,1) 

(3,2) 

Frequency  [Hz] 

87 

183 

244 

330 

343 

474 

Two  G1 195  PZT  piezoelectric  actuators  with  dimensions  38  x  32  x  0.19  mm  were  mounted 
on  each  side  of  the  plate  and  wired  out  of  phase  to  provide  bending  moments  as  control  inputs. 
The  controller  and  a  digital  random  noise  signal  generator  were  implemented  an  a  separate 
TMS320C30  DSP  board  with  2  channel  built-in  analog  I/O.  The  signal  taken  from  the  output  of 
the  built-in  signal  generator  was  filtered  through  a  low-pass  Butterworth  filter  with  a  cut-off 
frequency  of  400  Hz  to  excite  the  disturbance  shaker.  While  the  reference  signal  for  the  adaptive 
feedforward  controller  is  directly  available  from  the  randoni  noise  sequence,  an  adjustable  delay 
was  introduced  in  the  disturbance  path  to  investigate  the  effects  of  causality.  The  I/O  data  stream 
is  sampled  at  1  kHz.  The  adaptive  controller  uses  180  FIR  filter  coefficients  which  are  updated 
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using  the  Extended-Filtered-X  SFAEST  algorithm  as  outlined  in  the  Appendix.  The  control  and 
error  path  is  represented  using  a  transversal  filter  with  180  coefficients.  The  windowing 
parameter  X  in  the  SFAEST  algorithm  is  set  to  1.0  which  resembles  the  stationarity  of  the 
disturbance  signal  and  of  the  plate  dynamics.  Suitable  values  for  the  initialization  parameter  p,  = 
1.0  and  for  the  stability  parameter  p  =  1.0  were  established  during  experimental  testing.  The 
coherence  between  the  disturbance  signal  and  the  error  signal  as  well  as  the  auto-spectrum  of  the 
estimated  wavenumber  components  were  monitored  using  a  portable  B&K  2148  dual  channel 
signal  analyzer. 

EXPERIMENTAL  RESULTS 


The  estimate  of  the  sound  pressure  based  on  structural  time  domain  wavenumber  sensing 
provides  a  signal  related  to  the  noise  radiation  from  the  vibrating  simply  supported  plate  coupling 
in  the  directions  corresponding  to  0  =  -30°,  0  =  0°  and  0  =  30°  (see  Figure  3).  The  implemented 
controller  is  currently  designed  for  SISO  systems.  Therefore  it  is  only  possible  to  minimize  the 
sound  radiation  in  one  direction  using  a  single  PZT  actuator  mounted  on  the  vibrating  plate. 
However,  the  estimated  sound  pressure  corresponding  to  the  other  two  directions  was  monitored, 
as  well. 

The  following  results  present  an  optimal  controller,  where  a  20  ms  delay  has  been  added  to 
the  disturbance  path  to  make  the  system  more  causal.  This  enables  the  controller  to  adapt  the 
coefficients  necessary  to  compensate  the  non-minimum  phase  zeros  of  the  control  and  error  path. 
Figure  4  shows  the  auto-spectrum  of  the  estimated  error  signal  at  0  =  -30°  for  the  uncontrolled 
(solid  line)  and  controlled  (dashed  line)  system  after  5000  iterations  using  the  Extended-Filtered- 
X  SFAEST  based  controller.  Significant  reduction  of  the  radiated  sound  is  achieved  with  peak 
attenuation  levels  up  to  28  dB  for  the  entire  bandwidth  ranging  from  50  Hz  to  400  Hz.  The  total 
sound  pressure  level  attenuation  is  7.9  dB  across  that  frequency  range.  Figure  5  displays  the  noise 
reduction  being  achieved.  Large  reductions  in  radiated  sound  level  are  obtained  for  on-resonance 
frequencies.  Figure  6  and  Figure  7  show  the  estimated  sound  pressure  level  before  (solid  line)  and 
after  (dashed  line)  control  for  the  additional  signals  corresponding  to  pressure  radiation  in  0  =  30° 
and  0  =  0°.  Note  that  these  signals  were  not  included  in  the  costfunction  to  be  minimized  using 
the  adaptive  feedforward  controller.  Cancellation  occurs  at  resonant  frequencies  while  the  noise 
level  off-resonance  is  increased  in  general. 


Frequency  [Hz)  Frequency  [Hz] 


Figure  6:  Auto-spectrum  of  the  estimated  signal  Figure  7:  Auto-spectrum  of  the  estimated  signal 

corresponding  to  sound  pressure  radiation  in  second  corresponding  to  sound  pressure  radiation  in  third 

direction  (0  =  -30°,  ([)  =  0°)  before  and  after  control.  direction(6  =  0°,  (j)  =  0°)  before  and  after  control. 

The  previously  presented  results  were  obtained  after  5000  iterations  using  the  Extended- 
Filtered-X  SFAEST  algorithm.  In  order  to  demonstrate  its  effectiveness,  the  experiments  were 
repeated  using  the  common  Filtered-X  LMS  algorithm.  A  convergence  factor  of  p.  =  2.0E-10 
was  chosen  as  the  maximum  possible  value  to  maintain  stability  during  the  process  of  adaptation. 
Figure  8  and  Figure  9  show  respectively  the  auto-spectrum  of  the  error  signal  before  (solid  line) 
and  after  (dashed  line)  control  and  the  achievable  noise  attenuation  after  20000  iterations. 
Although  the  radiated  pressure  associated  with  most  dominant  radiating  modes  has  been  reduced, 
the  overall  broadband  performance  of  the  Filtered-X  LMS  based  controller  has  still  not  achieved 
that  obtained  using  the  Extended-Filtered-X  SFAEST  algorithm.  The  total  sound  pressure 
attenuation  results  in  4.0  dB  in  the  frequency  range  between  50  and  400  Hz. 


Figure  8;  Auto-spectrum  of  the  estimated  error  signal  Figure  9:  Noise  attenuation  of  the  estimated  error 

(6  =  -30°,  (|)  =  0°)  before  and  after  control.  signal  (0  =  -30°,  (|)  =  0°)  after  20000  iterations. 


A  direct  comparison  of  the  learning  curves  for  the  SFAEST  and  the  LMS  based  controllers 
demonstrates  the  superior  performance  of  the  fast  recursive  least  squares  controller.  The 
SFAEST  algorithm  converges  very  fast  although  the  covariance  matrix  of  the  filtered  reference 
signals  exhibits  an  extremely  high  eigenvalue  ratio  of  T]  =  4.42E+5.  The  residual  error  signals  for 
the  first  5000  iterations  are  shown  in  Figure  10  for  the  two  different  controllers.  Note  that  the 
output  of  the  SFAEST  based  controller  was  switched  off  during  the  first  1000  iterations.  This 
results  in  better  control  performance  since  the  SFAEST  and  other  fast  adaptation  schemes  tend  to 
overshoot  the  residual  error  during  the  first  iterations  in  a  noisy  environment. 


Sound  Pressure  Level  {dB) 
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Iterations 


Figure  10;  Residual  adaptation  error  during  the  initial  5000  iterations  for  the  SFAEST.  The  results  are 
obtained  as  a  smoothed  ensemble  average  from  10  experiments. 


2  2 
Figure  11:  Coherence  function  7^^  before  control  Figure  12:  Coherence  function  7xe  before  control 

and  after  1000  and  5000  iterations  using  the  SFAEST  and  after  1000  and  5000  iterations  using  the  LMS 

based  controller.  based  controller. 


Figure  14:  Control  performance  of  the  LMS  based 
controller  after  1000  and  after  5000  iterations. 


Figure  13:  Control  performance  of  the  SFAEST 
based  controller  after  1000  and  after  5000  iterations. 
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Figure  1 1  compares  the  coherence  function  between  the  reference  signal  and  the  error  signal 
before  and  after  1000  and  5000  iterations  for  the  SFAEST  based  controller.  The  significant 
decrease  of  the  coherence  indicates  that  most  of  the  correlated  content  from  the  reference  signal 
has  already  been  removed  from  the  error  signal  after  1000  iterations.  The  corresponding 
coherence  functions  for  the  LMS  based  controller  are  shown  in  Figure  12.  The  coherence  has  not 
remarkably  decreased  after  5000  iterations.  Figure  13  and  Figure  14  show  respectively  the 
effective  noise  attenuation  for  the  SFAEST  and  for  the  LMS  based  controller  before  control  and 
after  1000  and  5000  iterations.  The  attenuation  of  the  radiated  sound  pressure  corresponds  to  the 
decrease  of  the  coherence  between  the  reference  and  the  error  signal  shown  before. 
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Figure  15:  Auto-spectrum  of  the  estimated  error 
signal  before  and  after  control  with  20  ms  delay  and 
without  delay. 


Figure  16:  Comparison  of  the  optimal  controllers 
impulse  response  for  an  implementation  with  20  ms 
delay  and  without  delay. 


In  Figure  15,  the  previously  obtained  results  (dotted  line)  are  compared  with  that  achieved 
with  a  controller  implementation  where  no  additional  delay  has  been  added  in  the  disturbance 
path  (dashed  line).  The  corresponding  optimal  controller  coefficients  after  5000  iterations  are 
shown  in  Figure  16.  As  expected,  better  attenuation  over  the  frequency  band  is  obtained  with  the 
delay  being  added,  due  to  the  non-minimum  phase  characteristics  of  the  control  and  error  path. 
The  controller  coefficients  with  smaller  index  than  the  number  of  additional  delay  taps  in  the 
disturbance  path  cannot  be  modeled  in  realistic  applications.  This  results  in  some  control  spill¬ 
over  for  off-resonance  frequencies  which  can  be  reduced  using  more  than  only  one  control 
actuator.  However,  significant  attenuation  was  achieved  at  resonant  frequencies  using  the  control 
implementation  without  delay.  The  broadband  overall  sound  pressure  reduction  is  4.2  dB  across 
the  entire  bandwidth. 


CONCLUSIONS 

Active  structural  acoustic  control  of  structure-bom  sound  has  been  investigated  using  a  fast  RLS 
algorithm.  Application  of  fast  adaptation  schemes  has  been  made  feasible  using  an  Extended- 
Filtered-X  algorithm  which  eliminates  the  inevitable  errors  associated  with  the  standard  Filtered- 
X  approach.  The  presented  results  clearly  demonstrate  the  superior  control  authority  of  the 
Extended-Filtered-X  SFAEST  algorithm  over  the  Filtered-X  LMS  algorithm  if  the  covariance 
matrix  of  the  underlying  filtered  reference  signals  exhibits  a  large  eigenvalue  ratio.  Broadband 
attenuation  of  the  noise  radiated  from  a  simply  supported  plate  in  one  direction  has  been 
demonstrated  with  peak  attenuation  levels  up  to  28  dB  in  the  frequency  range  from  50  Hz  to  400 
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Hz.  Most  of  the  reduction  in  the  radiated  sound  pressure  has  been  achieved  after  1000  iterations. 
However,  a  significant  number  of  FIR  coefficients  were  necessary  to  provide  attenuation  of  the 
levels  achieved.  Furthermore,  results  indicate,  that  a  significant  performance  improvement  could 
be  expected  from  implementing  fast  HR  type  adaptive  filters  based  on  recursive  least  squares 
estimation  techniques. 
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Stabilized  Fast  A-posteriori  Error  Sequential  Technique  (SFAEST)  algorithm.  The 

following  list  summarizes  the  update  equations  for  the  Extended-Filtered-X  SFAEST  algorithm. 
The  computational  complexity  of  this  algorithm  counts  8n+41+2n+2m+l  Multiply- And- Add 
instructions  including  5  divisions. 


r[k  +  l]  =  s:xjk  +  l] 

e;;[k  +  l]  =  r[k  +  l]-f:[k]r„[k] 

e!:[k  +  l]  =  r[k-n]-b:[k]rjk  +  l] 

Xa:.[k]  +  el[k  +  l]^7„tk] 


Y„[k  +  1]  =  - 


_  Yn.,[k  +  1] _ 

1  +  e^[k  + 1]|  x"[k] + f Jk]  I  Y„..[k  + 1] 

I  ^«;[k]  j 


c„[k]  =  r"  Y„[k]f"[k] 

^„[k  + 1]  =  e^[k  + 1]  +  X  aS[k]  K„"[k] + c„[k]  e'[k  + 1] 

?rk  +  n=: _ ^n[k  +  l] _ 

l  +  p(l-Y„[k  +  l])  +  pc„[kf(l-Y„[k]) 

e;[k  + 1]  =  e:;[k  + 1]  -  (1  -  Y„[k])  c„[k]  p  |„[k  + 1] 

a'[k  +  l]  =  Xa^„[k]  +  Y„[k]eJ[k  +  rf 

e.^Ek  + 1]  =  e^[k  + 1]  -  (1  -  Y„[k  + 1])  p  |„[k  + 1] 

a„^[k  + 1]  =  X  aStk] + Y„[k  +  U  5„^[k  +  if 

..  ,..nJ  0  I  iJ  ‘  l^Mll 


l^n+lfk+l]  = 


1 M  gntk+i; 
K„[k]j  x\-fjk]j  a|.[k] 


f„[k  + 1]  =  f„[k]  -  Y„[k]  (el[k  + 1] + p  |„[k  + 1]  c„[k])  K„[k] 


K„[k  +  1] 

0 


=K„„[k+i]-<:;[k+i] 


-b„[k] 

1 


b„[k  +  l]  =  b„[k]-Y„[k  +  l](e‘[k  +  l]  +  pUk  +  l])K„[k  +  l] 

y[k  +  l]  =  al[k]x„[k  +  l] 

Ae[k  + 1]  =  aj[k]  r„[k  + 1]  -  sj  y„[k  + 1] 
e„[k  + 1]  =  Y„[k  +  l](e„[k  + 1]+ Ae[k  + 1]) 
a:[k  +  l]  =  a:[k]-eJk  +  l]K„[k  +  l] 


filtered  reference  signal 
a  priori  forward  predictor  error 
a  priori  backward  predictor  error 

order  recursion  for  angle  update  (step  up) 
angle  update  (step  down) 

windowed  angle  parameter 

stabilization  factor 

stabilized  forward  predictor  error 
forward  angle  update 
stabilized  backward  predictor  error 
backward  angle  update 

alternative  Kalman  gain  update 
forward  predictor  update 
partitioning  of  alternative  Kalman  gain 

backward  predictor  update 

FIR  filter  output 
a  priori  error  adjustment 
modified  a  posteriori  error 
FIR  filter  update 
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1.  Summary 


In  this  work,  two  forms  of  frequency  domain  optimum  solutions  for  multiple  reference 
active  noise  control  (MRANC)  in  a  feedforward  arrangement  are  given  in  terms  of  signal 
spectra  and  system  frequency  response  functions  (FRF).  It  is  particularly  noted  that  the 
optimum  solutions  are  uncoupled  if  the  reference  signals  are  uncorrelated  or  the  noise 
sources  are  directly  available  as  reference  signals.  Other  than  the  traditional  control 
configuration  which  feed  each  reference  signal  into  a  different  filter,  another  control 
configuration  which  combines  multiple  reference  signals  into  a  single  input  is  also 
investigated.  Although  this  configuration  generally  delivers  a  compromised  control 
effect,  the  payoff  is  a  simplified  control  structure  and  significant  computational  savings. 
In  addition,  under  some  circumstances,  the  desired  performance  which  is  comparable  to 
other  complex  configurations  can  be  achieved.  Simulations  based  on  sound  transmission 
through  a  vibrating  plate  have  been  conducted  and  the  results  presented  are  consistent 
with  the  theoretical  analysis. 


PACS  numbers:  43.40  Vn,  43.50  Ki 
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2.  Introduction 


Over  the  last  two  decades,  active  noise  control  (ANC)  has  been  demonstrated  as 
an  effective  approach  for  low  frequency  noise  reduction.  The  principle  of  ANC  is  based 
on  the  superposition  of  the  two  acoustical  waves  from,  the  primary  and  secondary  sources. 
When  the  two  waves  are  out  of  phase  and  of  the  same  amplitude,  the  superposition  results 
in  complete  cancellation  of  the  two  waves  and  therefore  generates  a  silent  zone.  ANC 
provides  an  ideal  complement  to  the  conventional  passive  noise  control  approach,  which 
generally  works  efficiently  at  higher  frequencies. 

The  application  of  ANC  has  been  extended  from  single  noise  source  one¬ 
dimensional  acousticaj  fields,  e.g.  a  low  frequency  field  in  an  air  duct,  to  complex 
multiple  noise  sources  three-dimensional  acoustical  fields,  e.g.  a  sound  field  in  an  aircraft 
cabin.  The  extension  to  three-dimensional  acoustical  fields  requires  a  number  of 
secondary  sources  to  minimize  the  mean  square  signals  from  a  number  of  error  sensors, 
so  that  the  primary  acoustical  field  can  be  spatially  matched  [1].  The  extension  to  a 
multiple  noise  source  environment  usually  requires  more  than  one  reference  sensor  to 
generate  a  complete  set  of  reference  signals  [2]. 

An  important  issue  for  multiple  reference  active  noise  control  (MRANC)  is  the 
selection  of  the  number  and  the  positions  of  reference  sensors.  The  principle  for 
reference  sensor  selection  is  based  on  using  a  minimum  number  of  reference  sensors  to 
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achieve  maximum  multiple  coherence  between  the  reference  signals  and  the  primary 
noise  signals.  The  number  of  reference  sensors  should  be  as  small  as  possible  in  order  to 
simplify  control  structure  and  save  computational  cost,  while  the  multiple  coherence 
function  should  be  as  close  to  unity  as  possible  in  order  to  achieve  maximum  noise 
reduction  [2].  Generally  speaking,  the  reference  sensors  should  be  able  to  detect  all  the 
independent  noise  sources,  which  usually  implies  more  reference  sensors  than 
independent  noise  sources  [3].  A  number  of  frequency  domain  approaches  have  been 
applied  to  identify  noise  sources  based  on  coherence  techniques  [4] [5]  and  Principal 
Component  Analysis  [6].  The  applicability  of  coherence  techniques  is  determined  by  the 
correlation  among  reference  signals.  Principle  Component  Analysis  is  effective  in 
determining  the  dominant  noise  sources  and  does  not  depend  on  the  correlation  among 
reference  signals.  However,  the  exact  locations  of  reference  sensors  required  to  detect 
those  noise  sources  remain  unknown.  Recently,  attention  has  been  paid  on  the 
convergence  rate  as  well  as  the  number  of  controller  coefficients  for  reference  sensor 
selection  [7]. 

The  previous  studies  of  multiple  reference  active  noise  control  are  mainly  focused 
on  noise  source  identification  and  reference  sensor  selection.  An  important  issue  remains 
untouched.  When  MRANC  is  designed  to  achieve  noise  reduction  at  a  number  of 
locations  or  globally,  the  control  structure  becomes  very  complicated  and  the  amount  of 
computations  may  exceed  the  computational  limit  of  many  digital  signal  processors 
(DSP).  It  is  therefore  of  much  significance  to  study  the  possibility  of  simplifying  the 
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MRANC  control  structure,  while  maintaining  the  desired  noise  reduction.  In  addition,  the 
coupling  effect  between  noise  sources  and  reference  sensors  has  not  directly  investigated. 


3.  Frequency  domain  analysis 

Figure  1  shows  a  typical  MRANC  system,  in  which  there  are  M  noise  sources,  K 
reference  sensors,  one  secondary  source  and  one  error  sensor.  Each  reference  signal  is 
fed  into  a  different  filter  and  the  output  of  each  filter  is  summed  together  to  drive  a  single 
secondary  source.  This  multiple  reference  multiple  input  (MRMI)  configuration  for 
processing  reference  signals  attempts  to  control  the  primary  noise  from  multiple  primary 
paths  with  the  secondary  noise  from  multiple  filters,  thus  it  enjoys  the  applicability  in 
general  situations  and  has  been  adopted  in  most  previous  studies  [2],  [8].  Since  the 
number  of  the  secondary  sources  and  error  sensors  is  chosen  to  be  unity  to  simplify  the 
analysis,  spatial  noise  reduction  effect  is  not  a  concern.  The  signal  at  the  error  sensor  is 
the  superposition  of  the  primary  noise  and  the  secondary  noise  and  is  given  by 
e(w)  =  J(w)  +  r(w)x^(vv)W(w)  (1) 

where  d(w)  is  the  primary  noise,  T(w)  is  the  FRF  between  the  secondary  source  and  the 
error  sensor,  x(w)  is  the  reference  signal  vector,  and  W(w)  is  the  controller  FRF  vector, 
that  is 

x(w)  =  {j:,(w)  x^iw)  A  (2) 

W(w)  =  {w^,(w)  W^(w)  A  (3) 
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The  objective  of  ANC  is  to  minimize  the  error  signal,  thus  the  cost  function  is  defined  as 
^{w)  =  E{e*iw)e(w))  (4) 

Substituting  equation  (1)  into  equation  (4)  and  taking  the  complex  derivative  with  respect 
to  the  controller  vector  [9],  the  gradient  of  the  cost  function  is  obtained  as 
V  =  E(iE*(H')3^(H'))W(w)  +  E(i/(H')i*(w))  (5) 

where 

i3(w)  =  x(w)T(w)  (6) 

The  optimum  controller  vector  can  be  obtained  by  setting  the  gradient  to  zero,  thus 
W„^,(w)  =  -R-'(w)P(w)  (7) 

where  R(w)  is  a  matrix,  whose  diagonal  terms  are  the  auto-spectra  of  the  reference  signals 
and  off-diagonal  terms  are  the  cross-spectra  of  the  reference  signals,  P(w)  is  a  vector 
representing  the  cross-spectra  between  the  reference  signals  and  the  primary  noise,  i.e. 

A  5^4 (vv) 

M  M  M  M 
5^4 (w)  A  ^44  (w) 


P(w)  = 


S^Aw) 

M 


(9) 


It  is  interesting  to  note  that  if  the  reference  signals  are  uncorrelated,  their  cross-spectra 
would  be  zero.  It  follows  that  all  the  off-diagonal  terms  inside  the  matrix  R(w)  are  zero. 
Thus,  equation  (7)  can  be  rewritten  as 
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/  =  1,2,3,A  ,K 


(10) 


The  above  equation  indicates  that  the  optimum  solutions  of  all  the  filters  are 
independent,  and  each  filter  operates  without  any  interference  from  other  filters.  In  other 
words,  the  filters  are  uncoupled  if  the  reference  signals  are  uncorrelated.  The  optimum 
controller  vector  can  be  derived  in  terms  of  system  FRF’s.  The  primary  noise  at  the  error 
sensors  is  formed  by  M  noise  sources  passing  through  M  primary  paths  and  is  given  by 
i/(w)  =  n^(w)P(w)  (11) 


where  n(w)  and  P(w)  are  noise  source  vector  and  primary  FRF  vector  respectively  and 


can  be  expressed  as 

n(w)  =  {n|(w)  n2(w)  A 

(12) 

P(w)  =  {/>(w)  P^iw)  A 

wY 

(13) 

The  noise  sources  and  the  reference  signals  are  related  by 
x(vv)  =  H(w)n(w)  (14) 


where  H(w)  is  the  source  coupling  matrix,  whose  element  Hij(w)  represents  the  FRF 

between  the  ith  noise  source  and  the  jth  reference  sensor,  and  can  be  written  as 

if„(w)  A  5„.,(w) 

//^.(w)  A  5„.2(w) 

M  M  M  M 
a  5„*(w) 


Substituting  equations  (6),  (11),  and  (14)  into  equation  (5)  and  moving  all  the  FRF’s  to 
the  outside  of  expectation,  the  gradient  of  the  cost  function  is  obtained  as 
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V  =  r(H;)H*(w)E(n*(vv)n^(w))[H''(H;)r(vi;)W(w)  +  P(w)]  (16) 

Another  form  of  optimum  controller  vector  can  be  obtained  by  setting  the  gradient  to 


Again,  equation  (18)  indicates  that  the  optimum  solutions  of  all  the  control  filters  are 
independent.  In  fact,  each  optimum  solution  is  determined  only  by  the  corresponding 
primary  path  and  the  error  path. 

An  alternative  MRANC  system  combines  all  the  reference  signals  into  a  single 
input  (MRSI)  as  shown  in  Figure  2.  This  configuration  generally  delivers  compromised 
noise  reduction  effect.  However,  under  some  special  circumstances,  desired  noise 
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reduction  effect  along  with  a  large  number  of  computational  savings  can  be  obtained. 
The  coherence  function  is  defined  as 


Yiw)  = 


SAw)S.j{w) 


(19) 


The  primary  noise  and  the  reference  signal  can  be  written  as 
diw)  =  n^(w)P^(w)  +  n^(w)P2{w)+A  +n/^(w)Pi^(w) 

4vv)  =  n^(w)H^(w)  +  (w)//2  ( w)+A  (w)// ^  (w) 


(20) 


(21) 


where  Hj(w)  is  the  summation  of  all  the  FRF’s  from  the  ith  noise  sources  to  all  the 
reference  sensor  and  is  given  by 


(22) 


7=1 


Since  the  noise  sources  are  assumed  to  be  uncorrelated,  their  cross-spectra  are  zero,  it 
follows  that 


S„=S„„  \Hf+S„„\H/+A+S„„  \Hf 

XX  n|n|  1  ^2^2  ^  ^ 


■'n.n.  r  k 


H.p; + h,p:+a  H,P, 


k  k 


(23) 


(24) 


(25) 


(26) 


Subtracting  the  numerator  from  the  denominator  of  the  coherence  function  results  in 


^XX^dJ  ^xJ^dx 
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(27) 


i,j=\.i*j 

Since  the  auto-spectrum  is  non-negative,  the  above  expression  is  also  non-negative, 
which  implies  that  the  coherence  function  is  usually  less  than  unity,  i.e. 

r(w)<I  (28) 

This  result  indicates  that  perfect  noise  cancellation  is  not  achievable  with  MRSI 
configuration.  It  should  be  noted  that  there  are  no  unaccounted  input  signals,  output 
signals,  or  nonlinear  components  in  the  system.  If  the  system  is  configured  properly, 
unity  coherence  function  is  expected.  Thus,  the  coherence  inadequacy  is  caused  by  the 
defect  of  MRSI  configuration.  It  is  also  important  to  note  that  the  MRSI  configuration  is 
defective  even  when  the  reference  signals  are  uncorrelated.  This  conclusion  can  be  seen 
by  assuming  that  each  noise  source  is  available  as  a  reference  signal,  accordingly,  every 
noise  coupling  terms  Pj  in  equation  (27)  drop  out  and  equation  (28)  still  holds.  As  a 
conclusion,  compromised  noise  reduction  is  anticipated  as  a  result  of  the  defective  MRSI 
control  structure. 

However,  under  two  special  circumstances:  (1)  when  each  reference  signal 
occupies  different  frequency  range,  i.e.  =0  fori^  y;  (2)  when  each  noise 

source  is  available  as  a  reference  signal,  and  all  the  FRF’s  of  the  primary  paths  are  equal, 
i.e.  -  H  ^Pi\=0  for  j,  equation  (26)  is  equal  to  zero,  which  implies  unity 

coherence  function  throughout  the  frequency  range.  Thus,  when  either  one  of  the  two 
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conditions  is  met,  the  performance  of  a  MRSI  configuration  is  expected  to  be  equivalent 
to  that  of  a  MRMI  configuration.  For  example,  when  several  engines  run  at  different 
speeds,  each  engine  can  be  considered  as  a  source  radiating  only  tonal  noise,  since  the 
base  tone  frequency  is  different,  a  MRSI  configuration  can  be  used  to  obtain  desired  noise 
reduction.  This  falls  into  the  first  circumstance.  If  the  noise  sources  are  adjacently 
located  and  available  as  reference  signals  without  coupling,  and  the  error  sensors  are  far 
away  from  the  noise  sources,  all  the  primary  paths  are  expected  to  be  comparable.  As  a 
result,  desired  noise  reduction  effect  can  be  achieved  with  a  MRSI  configuration.  This 
falls  into  the  second  circumstance.  The  choice  of  a  MRSI  configuration  significantly 
simplifies  a  MRANC  system  as  compared  to  a  MRMI  configuration. 


4.  Simulation  setup  and  system  modeling 

In  a  complicated  ANC  system  such  as  an  aircraft  cabin,  the  fuselage  may  generate 
interior  noise  due  to  directly  applied  structural  forces  as  well  as  acoustical  pressure 
fluctuations  acting  on  it  from  exterior.  The  setup  shown  in  Figure  3  gives  consideration 
to  these  two  types  of  excitations.  As  shown  in  Figure  3,  there  are  two  disturbance 
sources,  one  secondary  source  and  one  error  microphone  for  the  plate  system.  The  plate 
has  dimensions  of  0.381m  long  and  0.305m  wide  and  is  mounted  in  a  heavy  steel  frame, 
which  produces  negligible  rotation  and  displacement  of  the  boundary,  approximating 
clamped  boundary  conditions.  The  steel  frame  is  mounted  in  a  rigid  wall  with  one  side 
facing  toward  a  reverberation  chamber  and  the  other  side  toward  an  anechoic  chamber. 
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The  plate  is  excited  by  two  distinctive  noise  sources;  one  is  the  acoustical  disturbance 
from  a  large  speaker,  while  the  other  is  the  structural  disturbance  from  a  piezoelectric 
ceramic  transducer  (PZT  #1)  mounted  on  the  plate.  The  secondary  control  source  acting 
on  the  plate  is  another  piezoelectric  actuator  (PZT  #2).  The  positions  of  both  of  the 
PZT’s  are  selected  such  that  any  plate  mode  of  order  (4,4)  or  less  can  be  excited.  The 
error  sensor  is  a  microphone  located  in  the  direction  approximately  perpendicular  to  the 
center  of  the  plate.  The  goal  of  the  control  is  to  minimize  the  total  radiated  sound  at  the 
error  microphone. 

The  system  shown  in  Figure  7  has  two  primary  paths  (from  the  speaker  through 
the  plate  to  the  error  microphone  and  from  the  PZT  #1  to  the  error  microphone)  and  one 
error  path  (from  the  PZT  #2  to  the  error  microphone).  The  FRF’s  of  the  two  primary 
paths  and  the  error  path  were  modeled  with  FIR  filters.  In  order  to  obtain  the  FIR  models 
of  the  system,  the  FRF’s  were  measured  with  a  B&K  2032  digital  signal  analyzer,  and 
801  frequency  response  data  samples  equally  spaced  between  0  to  400  Hz  were  obtained. 
These  frequency  response  data  were  fitted  with  FIR  filters  using  the  least  square  method 
[11].  The  frequency  range  is  constrained  to  be  below  400  Hz.  Within  the  chosen 
frequency  range,  a  maximum  of  five  structural  modes  can  be  excited. 

The  number  of  coefficients  in  each  FIR  filter  was  chosen  to  be  128  such  that  both 
the  phase  and  magnitude  of  the  FRF  can  be  well  matched  at  the  frequency  range  where 
large  noise  cancellation  is  desired.  The  match  at  other  frequency  ranges  (e.g.  below  40 
Hz)  is  not  very  important,  since  the  noise  cancellation  at  those  frequency  ranges  is 
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unobtainable  due  to  the  dynamic  limitations  of  the  PZT  actuators.  The  sampling 
frequency  is  chosen  to  be  800  Hz,  which  is  exactly  the  Nyquist  frequency  for  the  system. 
The  magnitude  response  of  measured  FRF’s  and  their  corresponding  FIR  models  are 
shown  in  Figure  4,  5  and  6. 


5.  Simulation  results 


In  the  first  simulation,  the  performance  difference  of  the  two  configurations  (MRSI 
and  MRMI)  is  examined  with  two  independent  random  signal  generators  as  the  noise 
sources.  For  MRMI  configuration,  the  two  reference  signals  are  obtained  directly  from 
the  two  random  signal  generators.  For  MRSI  configuration,  the  reference  signal  is  the 
summation  of  the  signals  from  the  two  random  signal  generators.  The  optimum  filter 
weight  vectors  for  both  configurations  are  calculated  based  on  the  norm  equation 


RW„„  =  -P 


where 


lik) 

j^^(k)^i{k)  ^2ik)^^2ik) 

M  M 


A  ^^ik)^,iki 
A  tik) 

M  M 
A  ^^ik)iS^  kik) , 


f 


P  =  E 


V 


T^{k)d{k) 

^_{k)d{k) 

M 

T^^{k)d{k) 


) 


(29) 


(30) 


(31) 
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The  expected  values  inside  the  matrix  R  and  the  vector  P  were  approximated  using  the 
average  of  4096  samples.  The  residual  noise  after  control  is  obtained  by  substituting  the 
optimum  weight  vectors  into  controller  filters. 

The  error  signal  after  control  (residual  noise)  in  the  time  domain  is  shown  in 
Figure  7,  which  indicates  that  the  error  signal  for  MRMI  is  much  smaller  than  that  for 
MRSI.  In  other  words,  MRMI  achieves  much  better  noise  reduction  than  MRSI. 
Although  perfect  noise  cancellation  with  MRMI  can  be  achieved  theoretically  since  the 
system  is  casual,  completely  coherent  and  without  any  additional  noise,  the  error  signal 
does  not  reach  zero.  This  is  due  to  the  finite  filter  length  effect  since  each  controller  filter 
for  MRMI  has  only  128  coefficients.  A  comparison  of  the  power  spectral  density  is 
shown  in  Figure  8,  which  clearly  indicates  that  the  performance  of  MRMI  is  much  better 
than  that  of  MRSI.  In  fact,  10  dB  overall  noise  reduction  for  MRMI  is  achieved,  while 
only  about  3  dB  overall  noise  reduction  is  achieved  for  MRSI.  It  should  be  noted  that  the 
maximum  noise  reduction  occurs  in  the  vicinity  of  the  resonance  frequencies,  while  at  the 
off-resonance  frequencies,  only  a  small  amount  of  noise  attenuation  is  achieved. 

Since  both  noise  sources  in  the  preceding  simulation  has  the  same  frequency  range 
between  zero  to  400  Hz,  the  poor  performance  of  MRSI  is  expected.  However,  if  the  two 
noise  sources  have  non-overlapped  frequency  range,  MRSI  is  expected  to  have 
comparable  performance  with  MRMI.  In  this  simulation,  the  first  noise  source  is 
provided  by  a  random  signal  generator  passing  through  a  low-pass  filter  with  cutoff 
frequency  at  160  Hz,  and  the  second  noise  source  is  provided  by  another  random  signal 
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generator  passing  through  a  high-pass  filter  with  cutoff  frequency  at  160  Hz.  Thus,  each 
noise  source  occupies  a  different  frequency  range.  Each  of  the  two  filters  in  MRMI  has 
128  coefficients,  and  the  only  filter  in  MRSI  also  has  128  coefficients.  A  sequence  of 
error  signal  after  control  (residual  noise)  is  shown  in  Figure  9,  and  the  power  spectral 
density  of  the  error  signal  before  and  after  optimum  control  is  shown  in  Figure  10.  The 
result  shows  that  the  performance  of  both  configurations  is  close.  However,  since  MRSI 
has  a  very  simple  structure,  significant  amount  of  computations  can  be  saved.  It  is 
interesting  to  note  that,  under  the  assumption  that  each  noise  source  has  a  unique 
frequency  range,  MRSI  approach  is  actually  the  inverse  of  the  sub-band  approach. 

It  has  been  theoretical  predicted  that  if  all  the  primary  paths  are  similar  to  each 
other  and  each  noise  source  is  available  as  a  reference  signal,  then  MRSI  is  expected  to 
have  comparable  performance  as  MRMI.  In  this  simulation,  the  first  primary  path  is 
replaced  by  the  variation  of  the  second  primary  path,  which  deviates  about  10%  from  the 
original  magnitude  and  phase,  and  the  second  primary  path  stays  the  same.  Thus,  the  two 
primary  paths  are  similar.  A  sequence  of  error  signal  after  control  (residual  noise)  is 
shown  in  Figure  11,  and  the  power  spectral  density  of  the  error  signal  before  and  after 
optimum  control  is  shown  in  Figure  12.  The  result  clearly  shows  that  the  performance  of 
both  configurations  is  very  similar. 
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6.  Conclusions 


A  frequency  domain  optimum  solution  of  a  multiple  reference  active  noise  control 
(MRANC)  system  based  on  a  general  configuration  (MRMI)  has  been  derived,  and  the 
coupling  effect  between  noise  sources  and  reference  sensors  has  been  considered. 
Another  simplified  control  configuration  in  which  the  reference  signal  are  directly  added 
together  to  form  a  single  signal  has  been  investigated  and  compared  with  the  MRMI 
configuration.  When  there  are  several  noise  sources,  the  MRMI  configuration  generally 
performs  much  better  than  the  MRSI  configuration.  However,  when  each  reference 
signal  occupies  a  unique  frequency  range,  or  all  the  primary  paths  are  similar  to  each 
other  and  each  noise  source  is  available  as  a  reference  signal,  the  two  configurations  can 
result  in  comparable  noise  reduction.  In  this  situation,  since  the  MRSI  configuration  is 
much  less  complex,  a  significant  amount  of  computational  and  memory  savings  can  be 
achieved. 
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Figure  1 .  Multiple  reference  multiple  input  (MRMI)  system. 
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Figure  2.  Multiple  reference  single  input  (MRSI)  system. 
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Figure  3.  Experimental  setup. 
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Figure  5.  Magnitude  of  the  frequency  response  function  and  its  FIR  model  for  the 
primary  path  No.2. 
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Figure  6.  Magnitude  of  the  frequency  response  function  and  its  FIR  model  for  the  error 
path. 
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Figure  7.  Error  signal  after  control  in  a  typical  case,  (a)  MRSI  (b)  MRMI. 


J.  Sound  and  Vibration. 


Y.  Tu,  C.R.  Fuller 


Page  23 


Magnitude  (dB) 


Figure  8.  Spectrum  of  error  signal  in  a  typical  case. 
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Figure  9.  Error  signal  after  control  when  each  noise  source  occupies  different  frequency 
range,  (a)  MRSI,  (b)  MRML 
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Figure  10.  Spectrum  of  error  signal  when  each  noise  source  occupies  different  frequency 
band. 
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Figure  12.  Spectrum  of  error  signal  when  two  primary  paths  are  similar. 


J.  Sound  and  Vibration. 


Y.  Tu,  C.R.  Fuller 


Page  28 


Reference 


1  C.  R.  Fuller  and  A.  H.  von  Flotow,  “Active  Control  of  Sound  and  Vibration,”  IEEE 
Control  Systems,  9-19,  December  1995. 

2  P.  A.  Nelson  and  S.  J.  Elliot,  Active  Control  of  Sound.  Academic  Press  Inc.,  San 
Diego,  CA92 101,  1992. 

3  T.  J.  Sutton,  S.  J.  Elliott,  A.  M.  McDonald,  and  T.  J.  Saunders,  “Active  Control  of  road 
noise  inside  vehicle,”  Noise  Control  Eng.  Journal  42(4),  137-147,  Jul-Aug,  1994. 

4  R.  J.  Alfredson,  “The  Partial  Coherence  Techniques  for  Source  Identification  on  a 
Diesel  Engine,”  J.  Sound  Vib.  55(4),  487-494,  1977. 

5  M.  E.  Wang  and  Malcolm  J.  Crocker,  “On  the  Application  of  Coherence  Techniques 
for  Source  Identification  in  a  Multiple  Noise  Source  Environment,”  Journal  of  Acoust. 
Soc.  Am.  74(3),  861-872,  September  1983. 

6  D.  Otte,  F.  Fyfe,  P.Sas,  and  J.  Leuridan,  “Use  of  Principal  component  analysis  for 
dominant  noise  source  identification,”  IMechE  International  Conference  on  Advances  in 
the  Control  and  Refinement  of  Vehicle  Noise,  1988  (Institute  of  Mechanical  Engineers, 
London,  UK),  pp  123-132. 

7  Craig  M.  Heatwole  and  Robert  J.  Bernhard,  “Reference  Transducer  Selection  for 
Active  Control  of  Structure-borne  Road  Noise  in  Automobile  Interiors”,  Noise  Control 
Eng.  44  (1),  35-43,  1996  Jan-Feb. 

8  S.  M.  Kuo  and  D.  R.  Morgan,  Active  Noise  Control  Systems:  Algorithms  and  DSP 
Implementations,  John  Wiley  &  Sons,  Inc.,  New  York,  NY,  1996. 


J.  Sound  and  Vibration. 


Y.  Tu,  C.R.  Fuller 


Page  29 


9  S.  Haykin,  Adaptive  Filter  Theory,  2nd  Ed.,  Prentice-Hall,  Englewood  Cliffs,  NJ, 

1991. 

10  G.  W.  Stewart,  Introduction  to  Matrix  Computations,  Academic  Press,  London,  1973. 

1 1  A.  A.  Giordano  and  F.  M.  Hsu,  Least  Square  estimation  with  application  to  digital 
signal  processing,  Wiley,  New  York,  1985 


J.  Sound  and  Vibration. 


Y.  Tu,  C.R.  Fuller 


Page  30 


APPENDIX  22 


Accepted  for  publication  in  J.  Sound  Vib.  (1998) 

Multiple  reference  feedforward  active  noise  control 

Part  li  Reference  preprocessing  and  experimental  results 

Yifeng  Tu 
Chris  R.  Fuller 

Vibration  and  Acoustic  Laboratories 
Mechanical  Engineering  Department 
Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Virginia  24061-0238 

Running  headline:  Multiple  reference  feedforward  active  noise  control 

Address  for  correspondence: 

Prof.  Chris  R.  Fuller 
Mechanical  Engineering  Department 
Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Virginia  24061-0238 

Number  of  Pages:  33 
Number  of  tables:  2 
Number  of  figures:  12 


J.  Sound  and  Vibration. 


Y.  Tu,  C.R.  Fuller 


Page  1 


1.  Summary 


Multiple  reference  active  noise  control  (MRANC)  has  been  applied  to  acoustical  fields 
with  multiple  noise  sources  to  achieve  low  frequency  noise  reduction.  The  traditional 
control  configuration  feeds  each  reference  signal  into  a  different  control  filter.  This 
configuration  has  been  widely  adopted  due  to  its  potential  performance  in  a  general 
multiple  noise  source  environment.  However,  it  entails  the  problem  of  ill  conditioning 
when  the  reference  signals  are  correlated.  In  this  paper,  A  time  domain  analysis  has  been 
carried  out  to  investigate  the  problem  of  ill  conditioning  for  MRANC.  To  cope  with  the 
problem  of  ill  conditioning,  a  reference  signal  preprocessing  step  is  added  to  the 
conventional  active  noise  control  process.  This  preprocessing  step  essentially  constructs 
a  new  set  of  reference  signals,  which  preserve  all  the  information  of  the  original 
reference,  but  are  uncorrelated  with  each  other.  An  adaptive  decorrelation  filter  based  on 
the  Wiener  filter  theory  and  Gram-Schmidt  orthogonalization  theorem  is  constructed  to 
implement  the  reference  signal  preprocessing  step.  Experiments  based  on  sound 
transmission  through  a  vibrating  plate  have  been  conducted  and  the  results  presented  are 
consistent  with  the  theoretical  analysis. 
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2.  Introduction 


With  the  breathtaking  advance  of  digital  signal  processing  (DSP)  technology  and 
ever-increasing  parallelism  for  real-time  computation,  complex  feedforward  active  noise 
control  (ANC)  systems  with  multiple  reference,  multiple  actuator  and  multiple  error  have 
been  built.  These  complex  ANC  systems  make  noise  reduction  possible  not  only  in 
single  noise  source  one-dimensional  acoustical  fields,  but  in  multiple  noise  source  three- 
dimensional  acoustical  fields  as  well.  When  an  ANC  system  is  applied  to  a  three- 
dimensional  acoustical  field,  it  is  usually  required  to  use  multiple  actuator  and  multiple 
error  sensor  to  achieve  spatial  noise  reduction  [1]. 

In  addition,  to  achieve  noise  reduction  in  a  multiple  noise  source  environment,  it 
is  usually  required  to  use  multiple  reference  sensor  to  generate  a  complete  set  of  reference 
signals  [2]  so  that  the  desired  multiple  coherence  function  can  be  obtained.  A  previous 
companion  paper  [3]  studied  the  behavior  of  conventional  and  simplified  multiple 
reference  active  noise  control  (MRANC)  systems  using  frequency  domain  analysis  and 
simulation.  It  was  found  that  good  performance  was  achieved  when  the  reference  signals 
were  uncorrelated.  However,  if  the  reference  signals  are  correlated,  the  MRANC  system 
may  become  ill  conditioned  which  usually  results  in  a  slow  convergence  rate  and  high 
sensitivity  of  noise  attenuation  to  the  measurement  contamination. 

A  method  to  increase  the  convergence  speed  by  using  decorrelators  for  a  MRANC 
system  was  proposed  by  Masato  et.  al.  [4].  The  effectiveness  of  the  proposed 
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decorrelators  to  increase  convergence  speed  is  strongly  affected  by  the  characteristics  of 
the  reference  signal  correlation.  In  a  general  situation,  the  proposed  decorrelators  deliver 
poor  results.  Studies  on  adaptive  noise  cancellation,  in  which  the  cancellation  is  focused 
on  electrical  signal  rather  than  acoustical  wave,  have  shown  that  the  reference  signal 
coupling  in  a  multiple  noise  source  environment  degrades  the  control  performance.  A  de¬ 
coupling  method  was  proposed  to  produce  a  new  set  of  reference  signals  [5].  Parallel 
adaptive  filter  structures  along  with  sub-band  approaches  have  also  been  applied  to 
adaptive  noise  cancellation.  The  results  are  shown  to  improve  the  ability  to  track  non¬ 
stationary  noise  process  [6].  Recently,  attention  has  been  paid  on  the  convergence  rate  as 
well  as  the  number  of  control  coefficients  for  reference  sensor  selection  [7]  in  a  multiple 
noise  source  environment. 

The  previous  studies  on  MRANC  are  mainly  focused  on  noise  source 
identification  and  reference  sensor  selection.  An  important  issue  remains  unsolved,  i.e. 
when  reference  signals  are  correlated,  the  ANC  system  becomes  ill-conditioned.  An  ill- 
conditioned  system  usually  results  in  slow  convergence  rate  and  high  sensitivity  of  noise 
attenuation  to  measurement  contamination.  In  this  paper,  the  problem  of  ill  conditioning 
has  been  analytically  studied  using  a  time  domain  analysis.  A  reference  signal 
preprocessing  step  using  adaptive  decorrelation  filters  is  proposed  and  investigated  using 
simulations  and  experiments.  It  is  shown  that  the  preprocessing  step  significantly  improve 
the  performance  of  the  MRANC  system  when  the  reference  signals  are  correlated. 
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3.  Time  domain  analysis 


Figure  1  shows  a  typical  MRANC  system,  in  which  there  are  M  noise  sources,  K 
reference  sensors,  one  secondary  source  and  one  error  sensor.  Each  reference  signal  is 
fed  into  a  different  filter  and  the  output  of  each  filter  is  summed  together  to  drive  a  single 
secondary  source.  This  structure  for  processing  reference  signals  attempts  to  control  the 
primary  noise  from  multiple  primary  paths  with  the  secondary  noise  from  multiple  filters, 
thus  it  enjoys  the  applicability  in  general  situations  and  has  been  adopted  by  most 
previous  studies  [2],  [8].  Since  the  number  of  the  secondary  sources  and  error  sensors  is 
chosen  to  be  unity  to  simplify  the  analysis,  spatial  noise  reduction  effect  is  not  a  concern 
in  this  paper. 

Usually,  reference  signals  are  obtained  through  various  sensors,  and  each 
reference  sensor  may  pick  up  signals  from  several  noise  sources  passing  through  different 
paths,  as  shown  in  Figure  3.  As  a  result,  the  reference  signals  maybe  correlated  with  each 
other.  The  correlated  part  of  these  reference  signals  represents  the  common  input  to 
different  filters,  which  in  turn  generates  the  correlated  outputs.  The  error  signal  at  step  k 
can  be  written  as 

e{k)  =  d{k)  +  u(k)T{z)  (1) 

where  T(z)  is  the  Z  transform  of  the  error  path.  Here,  no  assumption  is  made  about  the 
structure  of  T(z),  it  could  be  in  the  form  of  either  IIR  or  FIR  filters,  and  u(k)  is  the 
summation  of  all  the  filter  outputs,  given  by 

K  K 

Ma)  =  Xx,''(^)w,.  =Xw/x,.(*)  (2) 

1=1  (=1 
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where  Wj  and  Xi(k)  are  the  weight  vector  and  the  tapped  input  vector  for  the  ith  filter 


respectively.  Suppose  the  filter  length  is  M,  then 

w, =[>Vo,,  w,,.  Wj.  ...  (3) 

x, .(^)  =  [x,(^)  x-(k-\)  x^(k-2)  ...  x.(k-  M  +  l)f  (4) 

Substituting  equation  (2)  into  equation  (1)  yields 

e{k)  =  d{k)  +  j^\v.^%^(k)T(z)  (5) 

1=1 

Defining  the  filtered  reference  signal  as 

3,(/:)  =  x,(^)7’(z)  (6) 

the  error  signal  can  be  rewritten  as 

e(k)  =  d(k)  +  W^^(k)  (7) 


where  W  is  a  KxM  vector  formed  by  putting  together  all  the  control  filter  weight  vectors 
and  ^(it)  is  another  KxM  vector  formed  by  putting  together  all  the  reference  signal 


vectors,  i.e. 

W  =  (w^i  y/j  A 

(8) 

^(^)  =  {5^i(^)  ¥ i{k)  A  k{k)f 

(9) 

The  cost  function  is  constructed  as  the  mean  square  error  signal,  i.e. 

^  =  ’E{e\k)]  (10) 


Substituting  equation  (5)  into  equation  (10),  the  gradient  of  the  cost  function  with  respect 
to  the  weight  vector  is  obtained  as 


V 


e{k) 


de{k) 

dSV  _ 
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=  2E[d{k)^{k)]  +  2£[^(^)^^(yt)]w 

Setting  the  gradient  to  zero,  the  optimum  weight  vector  is  obtained  by  solving  the  norm 
equation 

RW„^,=-P  (11) 

where 


^ik)xFi(k)  ^^ik)ii^2(k)  A 

2(k)  A 

~  M  MM 

^^^(k)^^i(k)  2(k)  A 


i2(k)^^kik) 

M 

£^(k)iFt(k)^ 


(12) 


'j^(k)d(k)'' 

i^2(k)d(k) 

M 

T^t(k)d(k)^ 


(13) 


Each  term  inside  the  above  R  matrix  is  a  sub-matrix,  and  the  matrix  R  is  real,  symmetric 
and  non-negative  definite  just  like  the  R  matrix  in  a  single  reference  ANC  system. 
Therefore,  the  corresponding  eigenvalues  of  the  R  matrix  are  also  non-negative  and  real. 
The  characteristics  of  the  R  matrix  are  determined  by  the  auto-correlation  and  cross- 
correlation  functions  of  the  filtered  reference  signals.  If  all  the  reference  signals  are 
uncorrelated  with  each  other,  every  off-diagonal  terms  in  the  R  matrix  will  be  zero  and 
every  optimum  weight  vectors,  wi,  W2,  ...  and  Wk,  are  uncoupled.  On  the  other  hand,  if 
the  reference  signals  are  correlated,  the  condition  number  [9]  of  the  R  matrix  may 
become  large,  which  implies  that  the  MRANC  system  is  ill-conditioned.  This  problem 
becomes  even  more  prominent  when  each  reference  signal  is  orthogonal,  i.e.  the  auto¬ 
correlation  matrices  inside  the  R  matrix  are  diagonal. 
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It  is  very  important  to  understand  perturbation  theory  [9]  and  its  impact  on  the 
development  of  an  algorithm  to  solve  the  norm  equation  (11).  The  perturbation  theory 
states  that  if  the  matrix  R  and  the  vector  P  are  perturbed  by  small  amounts  5R  and  6P 
respectively,  and  if  the  relative  perturbations,  II5RII/IIRII  and  II6PII/IIP1I,  are  both  on  the 
same  order  of  e,  where  £  «  1,  then 


\5W 

w 


<e;i;(R) 


(14) 


where  5W  is  the  change  of  weight  vector  W  as  a  result  of  the  perturbation  from  the 
matrix  R  and  the  vector  P,  and  %(R)  is  the  condition  number  of  the  matrix  R,  and  H  is 

the  norm  operator  [10].  The  condition  number  describes  the  ill  condition  of  a  matrix. 
Since  the  matrix  R  is  real  and  symmetric,  it  can  be  shown  [6]  that  the  condition  number 
equals 


Z(R)  =  ^ 

Anin 


(15) 


where  and  are  the  maximum  and  minimum  eigenvalues  of  the  matrix  R 
respectively.  This  ratio  is  also  commonly  referred  to  as  eigenvalue  spread. 

The  perturbation  theory  states  that  if  there  are  some  errors  in  the  matrix  R  or  the 
vector  P  caused  by  measurement  or  some  other  factors,  the  ill-condition  of  the  correlation 
matrix  R  may  lead  to  a  weight  vector  solution  W  which  is  far  from  the  optimum  Wiener 
solution  Wopt  due  to  the  problem  of  ill  condition.  In  other  words,  the  ill  condition  of  the 
correlation  matrix  R  causes  the  optimum  Wiener  vector  to  be  very  sensitive  to  various 
measurement  contamination.  The  measurement  contamination  may  be  resulted  from  A/D 
and  D/A  conversion,  transducer  error,  finite  precision  error,  non-linearity  and  etc. 
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On  the  other  hand,  the  eigenvalue  spread  of  the  matrix  R  has  a  significant  impact 
on  the  convergence  rate  of  an  ANC  system,  especially  when  the  LMS  based  algorithm  is 
applied  [2].  An  important  factor  that  determines  the  eigenvalue  spread  is  the  cross¬ 
correlation  among  the  reference  signals.  The  cross-correlation  becomes  even  more 
dominant  when  each  reference  is  an  orthogonal  signal.  In  particular,  if  the  reference 
signal  Xi  is  correlated  with  the  reference  signal  xj,  the  ith  and  jth  columns  in  the  R  matrix 
will  exhibit  some  similarities,  which  results  in  large  eigenvalue  spread.  Upon  the 
extreme  circumstance  when  any  two  reference  signals  are  the  same,  the  determinant  of 
the  matrix  R  becomes  zero,  and  the  eigenvalue  spread  approaches  infinity.  In  this  case, 
the  ill-conditioned  system  deteriorates  to  an  underdetermined  system  since  the  solution  to 
the  ANC  system  is  not  unique. 


4.  Preprocessing  of  reference  signals 

As  discussed  in  the  last  section,  it  is  desirable  to  have  uncorrelated  reference 
signals.  In  the  present  work,  this  is  achieved  through  the  use  of  decorrelation  filters  in  a 
reference  signal  preprocessing  stage.  The  preprocessing  constructs  a  new  set  of  reference 
signals,  which  preserve  all  the  information  of  the  original  reference  signals,  but  are 
uncorrelated  with  each  other.  Such  a  step  essentially  causes  all  the  off-diagonal  blocks  in 
the  R  matrix  to  be  zero,  thus  eliminating  the  ill-conditioning  problem  due  to  the  cross¬ 
correlation  among  reference  signals. 
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According  to  the  orthogonal  theorem  of  adaptive  filter  theory,  when  an  adaptive 
filter  shown  in  Figure  4  is  running  . as  an  optimum  Wiener  filter,  the  error  signal  is 
uncorrelated  with  the  reference  signal,  i.e. 

E[x(^  -  =0  1  =  0, 1, 2,  A  M  - 1  (16) 

where  x  is  the  reference  signal,  e  is  the  error  signals,  and  M  is  the  number  Of  filter 
coefficients.  Based  on  the  orthogonal  theorem,  adaptive  decorrelation  filters  can  be 
constructed  as  shown  in  Figure  5,  in  which  two  correlated  reference  signals  are  processed 
by  a  couple  of  adaptive  filters  to  generate  two  uncorrelated  reference  signals.  For  the 
upper  filter  A,  the  reference  signal  is  x^ ,  and  the  error  signal  is  •  Thus,  the  orthogonal 
relationship  is  expressed  as 

=0  1  =  0,1, 2,A  M-l  (17) 

where  M  is  the  number  of  filter  coefficients  corresponding  to  filter  A.  For  the  lower  filter 
B,  the  reference  signal  is  the  error  signal  is  J, .  Thus,  the  orthogonal  relationship 

is  expressed  as 

E[x,(A:-/)3c,(^)]„^3  =0  i  =  0,l,2,AM-l  (18) 

where  M  is  the  number  of  filter  coefficients  corresponding  to  filter  B.  It  is  important  to 
note  that  the  degree  of  decorrelation  between  the  reference  signal  and  the  error  signal 
depends  on  the  number  of  filter  coefficients.  Ideally,  an  infinite  number  of  filter 
coefficients  is  needed  to  decorrelate  the  two  reference  signals.  However,  since  the 
objective  of  applying  decorrelation  filters  is  to  diagonalize  the  matrix  R,  it  is  easy  to 
show  that  the  two  transversal  filters  in  the  decorrelation  filters  should  have  the  same 
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number  of  coefficients,  and  the  number  of  coefficients  M  should  be  the  same  as  the 
number  of  the  control  filter  coefficients. 

It  should  be  noted  that  the  first  two  coefficients  ao  and  bo  in  the  filters  A  and  B  are 
redundant,  since  both  of  them  are  trying  to  achieve 

e[J2(^)^i(^)]  =  0  (19) 

This  is  an  over-determined  case,  which  gives  infinite  solutions  to  ao  and  bo.  A  practical 
approach  is  to  force  either  ao  or  bo  to  be  zero.  Using  the  LMS  algorithm  and  assuming 
that  first  coefficient  bo  is  set  to  be  zero,  the  uncorrelated  reference  signals  J,  and  I,  can 
be  obtained  as 


x^ik)  =  Xyik)  +  '^X2(k-i)b.ik) 

i=:l 

1  =  1, 2,  A  Af-1 

(20) 

bi(k  +  l)  =  bi(k)  -  /t?2  (fc  -  i)x^  (k) 

1  =  1, 2,A  M-l 

(21) 

M 

x^{k)  =  x^{k)  +  '^x^{k-i)a.{k) 

1=0 

I  =  0, 1, 2,  A  M-l 

(22) 

a.{k-\-\)  =  Ujik)  -  fJXi(k  -  i)x2(k) 

I  =  0,1, 2, A  M-l 

(23) 

The  above  decorrelation  techniques  have  been  reported  to  achieve  signal  separation  and 
restoration  of  original  signals  [11],  [12].  In  these  applications,  assumptions  on  the 
relationship  between  source  signals  and  input  signals  have  to  be  made,  and  also  required 
are  some  assumptions  on  the  statistical  properties  of  source  signals.  In  the  pre¬ 
processing,  the  reference  signals  are  assumed  to  be  wide  sense  stationary,  however,  the 
relationship  between  noise  sources  and  reference  signals  is  not  important.  A 
decorrelation  structure  for  K  reference  signals  is  shown  in  Figure  6. 
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The  correlation  matrix  R  of  decorrelated  reference  signals  is  generally  not  strictly 
diagonal,  but  block-diagonal,  since  each  term  inside  the  matrix  is  a  sub-matrix.  Although 
the  eigenvalue  spread  is  generally  smaller  after  the  preprocessing  with  the  decorrelation 
filters,  it  is  not  guaranteed  at  every  situation.  In  particular,  if  the  cross-correlation  terms 
are  much  smaller  than  the  auto-correlation  terms  in  the  matrix  R,  the  decorrelation 
preprocess  may  not  improve  eigenvalue  spread  at  all.  However,  if  reference  signal  is 
orthogonal,  which  implies  that  each  diagonal  sub-matrix  inside  the  matrix  R  is  diagonal, 
then  the  decorrelation  process  will  definitely  improve  the  eigenvalue  spread.  A  potential 
approaches  to  achieve  this  is  to  combine  decorrelation  process  with  lattice  structure  based 
FIR  filters  [13],  [14]  or  frequency-domain  block  algorithm  [15]  [16]. 


5.  Experimental  setup 

In  a  complicated  ANC  system  such  as  an  aircraft  cabin,  the  fuselage  may  generate 
noise  due  to  directly  applied  structural  forces  as  well  as  acoustical  pressure  fluctuations. 
The  setup  shown  in  Figure  7  gives  consideration  to  these  two  types  of  excitations.  As 
shown  in  Figure  7,  there  are  two  disturbance  sources,  one  secondary  source  and  one  error 
microphone  for  the  plate  system.  The  plate  has  dimensions  of  0.38 1  m  long  and  0.305  m 
wide  and  is  mounted  in  a  heavy  steel  frame,  which  produces  negligible  rotation  and 
displacement  of  the  boundary,  approximating  clamped  boundary  conditions.  The  steel 
frame  is  mounted  in  a  rigid  wall  with  one  side  facing  toward  a  reverberation  chamber  and 
the  other  side  toward  an  anechoic  chamber.  The  plate  is  excited  by  two  distinctive  noise 
sources;  one  is  the  acoustical  disturbance  from  a  large  speaker,  while  the  other  is  the 
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structural  disturbance  from  a  piezoelectric  transducer  (PZT  #1)  mounted  on  the  plate. 
The  secondary  control  source  acting  on  the  plate  is  another  PZT  (PZT  #2).  The  positions 
of  the  PZT’s  are  selected  such  that  any  plate  mode  of  order  (4,4)  or  less  can  be  excited  as 
shown  in  Table  1.  The  error  sensor  is  a  microphone  located  in  the  direction 
approximately  perpendicular  to  the  center  of  the  plate.  The  goal  of  the  control  is  to 
minimize  the  total  radiated  sound  at  the  error  microphone. 

The  block  diagram  showing  the  various  elements  for  the  experiments  is  presented 
in  Figure  8.  The  heart  of  the  system  is  a  TMS320C30®  DSP  board,  which  is  used  to 
implement  the  preprocessing  and  control  algorithms.  The  ATD  and  D/A  conversions  are 
carried  out  through  two  additional  I/O  boards,  which  provide  32  input  channels  and  16 
output  channels.  The  DSP  board  along  with  two  associated  I/O  boards  is  plugged  into  a 
PC.  A  graphical  user  interface  (GUI)  running  under  the  host  PC  is  provided  to  adjust 
various  control  parameters  and  display  DSP  data.  Since  the  disturbance  signals  generated 
within  the  DSP  are  digital  in  nature,  they  are  transformed  into  analog  signals  through  D/A 
converters  to  drive  the  primary  noise' sources  (speaker  and  PZT  #1).  Similarly,  the  control 
signal  is  also  transformed  into  analog  signal  through  D/A  converters  to  drive  the 
secondary  source  (PZT  #2).  Since  the  frequency  range  for  the  experiments  is  selected  to 

I 

be  below  400  Hz,  all  the  signals  are  low-pass  filtered  so  that  the  frequency  components 
above  400  Hz  are  negligible  in  order  to  avoid  alias.  In  addition,  since  the  signals 
generated  within  the  DSP  have  very  small  power,  in  order  to  drive  the  speaker  and  PZTs, 
they  are  also  fed  into  power  amplifiers.  It  should  be  noted  that  the  signal  from  the  error 
microphone  is  fed  into  a  high-pass  filter  to  eliminate  the  dc  signal  drift. 
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The  controller  is  based  on  adaptive  FIR  filters,  and  the  number  of  coefficients  for 
each  FIR  filter  is  selected  to  be  128.  The  error  path  between  the  secondary  source  (PZT 
#2)  and  the  error  sensor  is  also  modeled  with  a  FIR  filter,  and  the  same  number  of 
coefficients  is  used.  The  frequency  range  of  the  noise  field  is  selected  to  be  below  400 
Hz.  These  parameters  are  selected  based  on  the  computational  limit  of  the  DSP,  since 
increasing  frequency  range  generally  requires  more  filter  coefficients  to  get  satisfactory 
results,  which  in  turn  requires  more  computations. 

Two  random  signal  generators  were  used  to  produce  two  independent  noise 
sources,  and  the  reference  signals  were  obtained  indirectly  from  the  two  noise  sources. 
The  relationship  between  the  reference  signals  and  the  noise  sources  is  shown  in  Figure  9. 
The  first  reference  signal  r/  is  exactly  the  same  as  the  first  noise  source  signal  ny.  The 
second  reference  signal  r2  is  the  combination  of  the  second  noise  source  nz  and  the  first 
noise  source  ni  filtered  through  a  band-pass  filter,  that  is 

r,{k)  =  n,{k)  (24) 

r^{k)  =  C^*n^{k)  +  n,{k)H{Z)  (25) 

where  Co  is  a  constant.  The  two  uncorrelated  noise  source  signals,  ni  and  nz,  are 
uniformly  distributed  between  -1  and  1.  The  cut  off  frequencies  for  the  band  pass  filter 
H(z)  are  selected  to  be  160  Hz  and  320  Hz.  A  FIR  filter  with  four  coefficients  is  used 
here  to  implement  the  band  pass  filter.  The  windowing  method  is  adopted  to  design  the 
band  pass  FIR  filter  and  the  resultant  four  coefficients  vector  is  {-1.009,  6.875,  6.875,  - 
1.009}.  Thus,  the  two  reference  signals  in  equations  (22)  and  (23)  are  correlated  due  to 
the  common  contributions  from  noise  source  n/,  and  their  correlation  function  can  be 
varied  if  a  different  constant  Co  is  selected. 
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The  decorrelation  filters  are  implemented  with  fixed  Wiener  filters  instead  of  adaptive 
filters  since  the  correlation  between  the  reference  signals  is  time  invariant.  In  this 
particular  case,  the  requirement  for  the  decorrelation  filter  is  to  remove  the  component  in 
the  reference  signal  ro,  which  is  correlated  with  the  reference  signal  rj.  The  weight  vector 
for  the  decorrelation  filter  A  is  calculated  as  {1.025,  -6.888,  -6.863,  1.003},  and  the 
weight  vector  for  the  decorrelation  filter  B  is  a  zero  vector. 

Corresponding  to  each  selected  constant  Co,  computations  are  carried  out  to  obtain 
the  correlation  matrix  R  for  the  reference  signals,  the  decorrelated  reference  signals,  the 
filtered  reference  signals,  and  the  decorrelated  filtered  reference  signals.  Based  on  the 
correlation  matrix,  the  corresponding  eigenvalue  spread  is  also  computed  and  the  results 
are  shown  in  Table  2.  It  is  clear  that  the  eigenvalue  spread  of  the  reference  signals  is 
smaller  after  it  is  processed  through  the  decorrelation  filter.  In  fact,  the  convergence 
speed  is  determined  by  the  filtered  reference  signals  instead  of  the  reference  signals  for 
the  Filtered-X  LMS  (FXLMS)  algorithm.  Thus,  in  order  to  improve  the  convergence 
speed,  the  eigenvalue  spread  for  the  filtered  reference  signals  must  get  smaller  as  well. 
This  requirement  is  indeed  satisfied  since,  although  decorrelation  is  only  applied  to  the 
reference  signals,  the  correlation  between  filtered  reference  signals  is  also  affected.  It  is 
also  interesting  to  note  the  eigenvalue  spread  for  the  filtered  reference  signals  is  much 
larger  than  that  for  the  reference  signals.  This  is  due  to  the  stretching  effect  of  the  error 
path. 
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6.  Experimental  results 

If  the  reference  signals  are  preprocessed  through  the  decorrelation  filter,  then  the 
FXLMS  algorithm  is  referred  to  as  the  DFXLMS  algorithm.  In  order  to  examine  the 
effect  of  the  decorrelation  filter  on  improving  the  convergence  speed,  the  conventional 
FXLMS  algorithm  was  first  applied.  After  letting  the  controller  weight  vectors  converge 
for  30  seconds,  the  convergence  process  was  frozen.  Then  the  power  spectral  density  of 
the  error  signal  was  measured.  Next,  the  DFXLMS  algorithm  was  also  applied,  the 
power  spectral  density  of  the  error  signal  was  also  measured  after  30  seconds  of 
convergence  time.  The  results,  shown  in  Figure  10,  indicate  that  9.0  dB  noise  reduction 
was  achieved  with  the  DFXLMS  algorithm,  while  only  5.3  dB  noise  reduction  with  the 
conventional  FXLMS  algorithm. 

In  order  to  measure  the  learning  curve,  the  convergence  process  of  the  FXLMS 
algorithm  or  the  DFXLMS  algorithm  was  started  with  a  small  convergence  parameter, 
and  the  error  signal  power  at  5,  10,  15,  25  ...  and  360  seconds  were  measured.  These 
values  representing  the  power  of  the  error  signal  form  the  learning  curves  as  shown  in 
Figure  1 1 .  The  results  indicate  that  the  DFXLMS  algorithm  converges  about  three  times 
faster  than  the  FXLMS  algorithm  and  the  improvement  of  the  convergence  speed  is  in  the 
same  magnitude  as  the  improvement  of  the  corresponding  eigenvalue  spread.  It  is 
interesting  to  note  that  the  error  signal  power  for  the  DFXLMS  is  still  larger  than  that  for 
the  FXLMS  algorithm  after  360  seconds.  This  is  not  only  due  to  very  long  convergence 
time  needed  for  the  error  signals  to  reach  steady  state,  but  due  to  various  measurement 
errors  (e.g.  A/D  and  D/A  conversion,  non-linearity,  finite  precision)  introduced  in  the 
experiment. 
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In  order  to  investigate  the  impact  of  measurement  errors,  a  simulation  based  on 
the  same  experimental  setup  was  carried  out  using  the  approach  outlined  in  the 
companion  paper.  The  frequency  response  functions  (FRF)  of  the  two  primary  paths 
(from  the  speaker  through  the  plate  to  the  error  microphone  and  from  the  PZT  #1  to  the 
error  microphone)  and  one  error  path  (from  the  PZT  #2  to  the  error  microphone)  were 
measured  with  a  B&K  2032  digital  signal  analyzer.  The  frequency  response  functions 
were  fitted  with  FIR  filters  using  the  least  square  method  [17].  Based  on  the  FIR  models, 
the  learning  curves  of  the  two  algorithms  can  be  obtained  through  calculation.  The 
results,  shown  in  Figure  12,  show  the  same  tendency  that  the  convergence  speed  of  the 
DFXLMS  algorithm  is  about  three  times  as  fast  as  that  of  the  traditional  FXLMS 
algorithm.  However,  after  6  minutes  of  convergence,  the  power  of  the  error  signal 
without  the  DFXLMS  algorithm  is  very  close  to  that  with  FXLMS  algorithm  since  the 
simulation  is  free  from  various  measurement  errors  caused  by  A/D,  D/A  converters, 
transducers,  non-linear  components  and  many  other  ANC  elements.  These  simulation 
results,  as  compared  to  the  corresponding  experimental  results,  clearly  indicate  that  the 
DFXLMS  algorithm  is  effective  to  improve  the  noise  reduction  amount  when  there  is 
noise  on  the  measurement  of  signals. 

7.  Conclusion 

The  optimum  solution  of  a  multiple  reference  feedforward  active  noise  control  system  has 
been  obtained  in  time  domain.  It  was  particularly  noted  that  if  the  reference  signals  are 
correlated,  the  corresponding  system  would  be  ill-conditioned,  which  results  in  slow 
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convergence  speed  and  high  sensitivity  to  measurement  errors.  A  decorrelation  approach 
has  been  constructed  for  preprocessing  reference  signals  based  on  the  Wiener  filter  theory 
and  Gram-Schmidt  orthogonalization  theorem.  Experiments  based  on  sound  transmission 
through  a  vibrating  plate  has  been  conducted,  and  the  results  demonstrate  the 
effectiveness  of  the  decorrelation  approach  to  improve  both  the  convergence  speed  and 
steady  state  error. 
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Figure  1.  Multiple  reference  multiple  input  (MRMI)  system. 
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Figure  7.  Experimental  setup. 
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Figure  9.  Noise  sources  and  reference  sensors 
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Magnitude  (dB) 


Spectrum  of  Error  Signal  after  30  seconds,  u  =  0.01 


Frequency  (Hz) 

Figure  10.  Spectrum  of  error  signal  after  30  seconds  convergence  time. 
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Figure  1 1.  Comparison  of  learning  curves  based  on  experiment. 
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Power  of  Error  Signal 


Figure  !  2.  Comparison  of  learning  curves  based  on  simulation. 
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Table  1  Excited  modes  and  measured  natural  frequencies  of  the  clamped  plate. 


Mode 

(1,1) 

(2,1) 

(1,2) 

(2,2) 

(3,1) 

Frequency  (Hz) 

115 

201 

265 

342 

350 
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Table  2  Eigenvalue  spread  versus  correlation 


Co 

Reference 
signals  without 
decorrelation 

Reference 
signals  with 
decorrelation 

Filtered  reference 
without 
decorrelation 

Filtered 
reference  with 
decorrelation 

1.0 

17.7 

3.2 

8.4x10^ 

2.3x10" 

0.5 

48.2 

3.4 

2.9x10^* 

3.1x10" 

0.2 

242.5  , 

3.0 

1.1x10' 

2.2x10" 
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